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When high-speed digital computers are used in information~ 
processing systems, a need is created for devices which will convert 
analog quantities to binary pulse-coded numbere and binary numbers to 
analog quantities. Two specific devices to perfors these conversions are 
developed in this thesis: a coder, which converte shaft positions into 
binary pulee—coded numbers, and « decoder, which converte binary pulee 
coded numbers into voltage amplitudes. 

The coder performs its conversion in three steps: (1) The shaft 
position te converted into a phase-modulated signal by a synchro control] 
transformer. (2) The phase-modulated signal is converted to a pulee- 
position—-modulated signal (PPM) by electronic clipping and peaking circuits. 
(3) The PPM signal is converted into a binary pulse-coded number through 
the use of a binary counter. Tests indicate that the coder will convert 
a shaft position into the corresponding binary number in 250 microseconde. 
Accuracy of 1 part in 360, senettivity of 1 part in 1000, and good relie- 
bility are achieved. The coding ayetem provides for electronic switching, 
so that the counter and other equipment required for step (3) abore will 
be common to a large number of shafts. 

The decoder ise required to convert the Dinary number to a wlt- 
age amplitude and to “hold” that woltage amplitude. Since the computer 
is connected to a particular decoder only for short periods at irregular 
intervals, the “holding”® feature is required in order to maintain the output 


of the decoder until new information ie furnished by the computer. The 
4 . 
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decoder developed here operates in four steps: (1) The binary number is 
converted to a PPM signal by the use of a binary counter. (2) The PPM 
signal is “held” by regenerating pulses in two especial multivibrator cir- 
cuits. (3) The “*held® PPM signal is converted into a gate-width-modulated 
signal, (4%) This signal is integrated by & low-pass filter to obtain a 
voltage amplituce which is proportional to the binary number to be decoded. 
The decoder also has provision for electronic switching, so that the equip- 
ment needed for step (1) can be common to ao large number of output channels. 
The total decoding time depends on the output filter used; it ie at least 
150 microseconds. The decoder will "hold" the number for periods up to 

5 hours. It has an accuracy of one part in 250. 

As a test procedure, the coder was combined with the decoder by 
feeding the PPK signals from the former into the latter. This eliminates 
the binary counters and electronic ewitches, thus simplifying the test 
setup. Dynamic tests made with the combined systems showed that the 
accuracy and reliability under dynamic conditions are ae good as that pre- 
dicted from static teste, and that the frequency response of the systex 


is determined entirely by the output filter in the decoder. 


1.0 INTRODUCTION 


In recent years, there has been a great deal of activity in the 
design and construction of large-scale, high-speed, digital computers. 

While these machines are powerful tools in the field of scientific comm- 
tation and one could justify their existence on that basie alone, their 
use can be extended to broader fields, particularly to what has been aptly 
called “information-processing aystens*,* Indeed, it ie in the field of 
information processing where the high epeeds of modern computing enchfies 
are of the greatest advantage. When a scientific computation is to be 
carried out, the time allowed to obtain the result ies not ligited eo nar 
rowly @s in control applications where the results of the computations 
must be made available to the system sufficiently early to be of benefit. 

As an example of an information-proceseing aystem in which the 
use of a high-speed digital computer would be particularly effective, con- 
sider the control tower at an @irport. Here information about the poei« 
tion of incoming planes, the identity of planes, flight plane, echedules, 
weather conditions, holding patterns, etc. is coordinated to achieve smooth, 
rapid, and safe flow of traffic. Present-day air-traffic-control syetems 
are not fully mechanised, but rely heavily upon the judgment of buman opere- 
tors. These cannot assimilate the wealth of data which could be made avail- 
able about the conditions in the vicinity of the airport. But « modern 
computer could, on the basis of all the available information; sechanise 
the control operation, thus leading to safer, more efficient, and more rapid 


handling of air traffic. 
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. When a computer is to be used as part of an information-procesesing 
system, it Sieiiain Geusiditen to supply information about the conditions 
in the system to the input of the computer, and to furnieh to the syetes 
the results of the computations in useful form. Sysetez variables are 
measured by devices which supply information in the form of shaft rotation, 
electrical voltage, or some other continuously varying quantity analogous 
to the measured condition. Sisilarly, the controlled system can accept 
information only in the form of analog quantities such as shaft rotation 
or electrical voltage. The computer, however, handles date in digital 
form. In "Whirlwind I", the large-scale, high-speed, digital computer now 
under development at the Servomechaniems Laboratory at M. 1. T., quantities 
are handled in the form of binary numbers, i.e., nusbere expreseed as suns 
of powers of two The numbers are formed electrically by pulee groups, 
with the presence of a pulse in a digit column representing the digit 1 
and the absence of @ pulse in a digit columm representing the digit 0. 
Thus, when a computer such as "Whirlwind I* ie to be used as part of a 
information-processing system, it vecomes necessary, at the input to the 
computer, to convert analog quantities into binary pulee—coded numbers; 
at the output of the computer, binary pulse-coded numbers must be converted 
into analog quaitities. 

In Section 2 of this paper, a method ar senidtine shaft posi- 
tions into binary numbers is described. Section % discusses a“method of 
converting binary numbers into electrical woltages. Section 4 describes 
the results obtained when the equipment of Section 2? was connecte’ with 


that of Section 3. 


‘ The devices described here are designed to operate with only 
two types of analog qamntdstesi electrical voltages and ehaft rotations. 
In view of what has been said about information-processing systeme, it 
might well be askec how other analog quantities (e.g., distance, velocity, 
force, pressure, etc.) might be converted into binary nurbers. At the 
present time, it is proposed to convert these quantities into woltages or 
shaft rotations by the use of suitable traneducere. Traneducere aleo exist 
for the conversion between shaft rotation and voltage amplitude. Thus 
it must be borne in mind that the use of the devices to be described, al- 


though apparently restricted, is actually quite general, 


‘2,0 CONVERSION OF SHAFT POSITIONS INTO 
BINARY PULSB-CODED NUMBERS 


2.1 REQUIREMENTS TO BE MET 

In systems where it is necessary to measure the position of shafts, 
these shafts are frequently located at some distance from the computing 
equipment. This condition means that the conversion from shaft position 
to pulse-coded binary susber is usually accomplished in two steps. The . 
first conversion is from shaft position to some form of electrical signal 
other than pulse-coded. The information is transmitted in this form from 
the shaft to the computer. Here a second conversion takes place from which 
one gets the binary pulse-coded number expressing the position of the shaft. 
(The terms first and second Conversion, when used in this section, will have 
the meanings just deta, Both steps are carried out by @ unit which will 
be called a coder, ) 

The more obvious requirements imposed on the first conversion 
device are: ‘ 

(1) mechanical and electrical etadility. 

(2) long life. 

(3) adility to comvert the shaft position iato the desired type 

of electrical signal as accurately as pueeibic. 

Complex information-processing aystems will contain many sources 
of information, all of which form inputs to the computer. In order to 
reduce the total amount of equipment, it is desirable to have as much as 


possible of the conversion equipment common to several inputs. Time 


JS 


multiplexing is @ useful technique for doing this. In time multiplering, 
an electronic switch is used at the computer to select in sequence the 
signals arriving from the various shafts. The second conversion then 

takes place after the selector switch. By the use of thie eyetem, all the 
equipment following the switch is common to a large number of inputs, and 
the result ie @ reduction in the total amount of equipment required. Since 
time multiplexing is to be used, it is desirable that the signals coming fros 
the shafts be easily selected by the electronic switch without the intro- 
duction of disturbing transients. This requirement, however, may conflict 
with the desirability of having the equipment at the shaft as sizple as 
possible, 

4 most important requirement of the conversion syetem as « vhole 
ie that it be accurate. In many cases accuracies of 1/2 or 1% may be 
sufficient, However, in other cases a l6-digit binary mumber may be re- 
quired, which is equivalent to an accuracy of i part in 32,768. Although 
we cannot expect a first conversion device to be more accurate than 1 part 
in 500, there is a system availabdle wii Cesseaate the effective accuracy 
of the over-all conversion without requiring more accuracy from the first 
conversion device iteeir.? Thus, even though accuracy should be as high 
as poseible, reliability should mot be sacrificed for accuracy. 

Another requirement on the system is that the time needed to 
convert the shaft position into @ binary pulee-coded msumber be as short 


&s possible without sacrificing reliability or accuracy. 
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In the next fow sections, we will discuss systems which accom 
plish the conversion ani evaluate them in view of the requirements just 
presented, 

2.2 HISTORY OF THE PROBLEX 
2.21 Methods of Converting Shaft Positions to Electrical Signals 
(First Conversion) 

There are several methods of converting the shaft position into 
an electrical signal. The first one which we shall mentions converte 
directly to a tienes pulse-—coded number. The others do not. 

A method of conversion which has actually been tried experi- 
mentally involves the use of a mechanical arrangement attached directly 
to the shaft,? Mechanical switches are incorporated in such @ way that 
the position of the shaft actuates the switches according to the binary 
number which represents that position. The switches which are closed 
represent a l in the corresponding digit columns, amd those which are open 
a0 

This system is simple and stsinewe the binary msumber in the fors 
of pulses directly. But the ewitch contacts are subject to wear, as are 
all mechanical switches, and hence require considerable maintenance, 
Furthermore, such mechanical arrangements are inherently slow, and this 
limite the number of times per second that the computer can sample the 
shaft position, (Sampling means measuring of the quantity at discrete 
intervals.) Also, high accuracy is difficult to obtain, 
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The mechanical system can be replaced by attaching to the shaft 
a disc with alternating opaque and transparent areas ani reading these 
areas with the aid of photoelectric celle.* Provisfon is aleo made for 
indicating the direction in which the shaft is turning. In thie systes, 

a pulse is developed each time the shaft rotates a certain incremental 
amount. These pulses are then used to drive a reversible binary counter 
which adds when pulses indicating clockwise motion are generated ‘ané sud- 
tracts when pulses indicating counterclockwise motion are genersted. The 
number in the counter is then proportional to the shaft poeition eat all 
times, 

Systeme which use a photoelectric device for the first conver- 
sion are usually very delicate and would require considerable maintenance. 
This particular system has the further disadvantage that each ehaft requires 
8 complete counting dewice; time multiplexing cannot be used. A large 
amount of equipment would be required wherever thie ayetem ie ured. It is, 
however, capable of high accuracy. 

Another method for converting she ‘peaition of the shaft into 
an electrical signal is based on the use of a variable-frequency osciliater.* 
Tor example, a capacitor which waries the frequency of am oscilleter can 
be attached to the shaft. The output of the oecillator, probedly in the 
form of a series of pulses, may then be used in various ways to obtain « 
binary number proportional to the repetition rate of the pulees and hence 
to the position of the shaft, : 


l. Ref. 3. y 
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This system can be multiplexed, since the pulses from the oscil- 
Lster may easily be evitched by electronic means. The principle objection 
to a variable-frequency system is that a delicate electronic device, the 
oscillator, must be put at the location of the shafts, where it will be 
subject to vibration, weather conditions, etc. It ie difficult to build 
a variable-frequency oscillator which will not drift and will not be sen- 
sitive to voltage changes, temperature drifte, an¢d mechanical vibrations, 
even under laboratory conditions. 

A direct way of changing the position of s shaft into as elec- 
trical amplitude is through the use of @ potentiometer geared to « ehart.? 
This method ise of some walue if other impute to the computer are in the 
form of electrical voltage variations, since then the same second conver 
sion device may be used té convert the information from all the sources 
into binary gumbers. On the other hand, potentiometers, having sliding 
contacts, wear out quickly and require conetant maintenance. Furthermore, 
it is not easy to multiplex electrical signals whose amplitude variations 
constitute the information, since the electfonic ewiteching device may intro- 
duce errors in the nature of amplitude-warying transients. Also, potentio- 
meters are inherently noisy and are difficult to build where 360° of rote- 
tion are required. 

This brief survey of methods of conversion from shaft position 
to electrical signale indicates that it ie desirable to develop a new type 


of first-conversion device which combines simplicity and ruggedness of the 
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sccghiiaaata device with a Sere of output signal which can be multiplexed, 
Such a conversion device will be described as part of this thesis, 
2.22 Conversion of Electrical Signals to Binary Pulse-—Code4 Numbers 
(Second Conversica) 

There remains to consider the problem of converting the signals 
arriving from the shaft locations into binary pulse-coded numbers, These 
signals may contain the information in various forms, but in several of 
the systems that have been proposed the signals are first converted into 
pairs of pulses the time interval between which is proportional to the 
given signal and then into a binary sumber by means of « binary counter. 
Since the binary counter will be an important element in this thesie, it 
will de described here in some detail. 

A binary couater, 2 such as the one show in Figure 1, consists 
of a chain of properly interconnected bi-stable circuits called flip-flops, 
which are shown in the figure by boxes marked FF. Each flip-flop has two 
vacuum tudes, so arranged that either ome or the other is conducting, but 
not both. A pulse applied to the proper iaput will cause the previously 
conducting tube to be cut off and the previously non-conducting tude to 
conduct, Boxes marked Of represent gate tubes. These are coincidence 
tubes which can be cut off by either the control or euppresear grid. The 
suppressor grid is connected to the plate of the right-hand tube in the 
flip-flop. When that tube is cut off, the gate tude can pass a pulee applied 
to ite control grid. Under that condition, we eay that the flip-flop is . 
in the 1 position. When the left-hand tube of the flip-flop is cut off, the 
gate tube cannot conduct and we eay that the flip-flop is in the 0 position. 
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The operation of the counter will now be explained. First, all 
the flip-flops are set to sero by pulsing the clear line. Then pulses ere 
admitted to the input line. The first pulse entering the input will try 
to go through OT 1, but cannot do eo since FFl is set to 0. After « few 
tenths of a microsecond delay (ection of box marked DB), thie first input 
pulee will’ set FFl to the 1 position. The next pulse on the input line 
first goes through gate tube 1 and sets the second flip-flop to the 1 posi-’ 
tion; it then resets the first flip-flop to the O position. This process 
continues, so that the third flip-flop is changed to a 1 when the fourth 
input pulee arrives, the fourth flip-flop when the eighth input arrives, 
etc. It will be seen that the state of the flip-flops will indicate is 
Dinary notation the number of pulses having entered. 

The binary pumber held in the counter when all the input pulees 
have arrived may be read out to a set of lines (called the bus) consisting 
of one line for each digit. An extra set of gate tubes (the upper row 
in the figure) is required. The control grids of these gate tudes are 
all pulsed at the same time by a read waite. A pulse will go out om each 
line for which the corresponding flip-flop holds a 1. Thus the binary counter 
can express the number of input pulees in binary pulse-coded form. 

It will now be shown how @ pulee-position modulated signal cas 
be converted into a binary mumber by use of the counter, provided @ fixed- 
frequency pulse generator (clock) and an auxiliary flip-flop en‘ gate tube 
are availadle, A pulee-position modulated signal consists of control or 
reference pulses arriving at a fixed repetition rate, each followed by « 


if 
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code or information pulse. The time interval between s control pulee and 
tne following code pulse is proportional to%he quantity being represented 
by the signal (e.g., the position of a shaft). ‘The operation proceeds 
ac follows. Refer to Figure 2. The binary counter is cleared just before 
a control pulse is to arrive. The control pulse sets the flip-flop 
(of Figure 2) to 1. ‘This opens the gate tube which allows pulses from the 
fixed frequency oscillator to reach the counter. The code pulee returns 
the flip-flop to 0 and stops the flow of pulses.- In this manner the susber 
of pulses which have arrived at the counter is proportional to the length 
of time between the given control and code pulee. Since the bisary number 
represented by the position of the stages in the counter is proportional 
to the number of pulses that have arrived from the fixed-frequency oscil- 
lator, the binary number is also proportional to the time between the con- 
trol and code pulse. Just before the next control pulse arrives, the 
Dinary number may de read to the output lines, thus completing the conver—- 
sion of the pulse-position modulated signal to a binary pulee-coded number. 
As an example of the use of this method of converting the time 
interval between two pulses into a binary oumber, consider the question 
of coding the output of pitas potentiometer attached to « shaft. The 
problem is one of converting @ given voltage into a binary susber. A direct 
method of doing this consists of developing a pulee-position modulated 
signal in the following vay. A linear sweep voltage is started at « 
definite time. The control pulee is generated at the eame instant. A 


code pulse is developed at the instant when the woltage of the linear sweep 


1. Ref. 2., pp. 1819 
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equals the voltage from the potentiometer divider. (It ic aesumed that 
the shaft position changes very little during the time of the sweep.) 
Thus the interval between the control pulse and the code pulse is propor 
tional to the voltage output of the potentiometer. The control pulee and 
the code pulse are used tc gate pulses at a fixed repetition rate into « 
binary comnter as described above. A binary number is then obtained which 
ie proportional to the shaft position. . 

The system to be deweloped in this theate will uee s binary 
eveater to convert a pulse-position modulated signal into « binsry number. 

This history of methods of coding a ehaft position is not com 
plete. Other systems have been proposed which might be applicable to the 
conversion of shaft positions into binary pulse-coded numbers. Reference & 
describes several such idene: Bone of these have been developed to any 
extent, however. 


2.3 PRINCIPLES OF THE SYSTEM DEVELOPED HERE FOR OONVERTING A SHAFT POSITION 
TO A BINARY PULSB-CODED NUMBER 


In this section the method by which’ a shaft position can be conm- 
verted into a binary pulee-coded mumber is described. General criteria 
concerning accuracy, reliability, sensitivity, etc., are discussed. 

2.31 Fundamental Operation 

Three steps are required to develop a binary pulee-coted susbder 
which represents the position of the shaft. These are as follows: (1) By 
means of @ synchro control-transformer the position of the ehaft ie trane- 
formed into a phase shift, so that as the shaft rotates a phase-modulated 


signal is developed. (2) This phase-modulated signal is transformed 


electronically into a pulse-position modulated (PPM) signal. (3) The PPX 
eignal is used to gate fixed-frequency pulses into # binary counter as éde- 
scribed in Section 2.22. The binary pulee—coded number is then available 
by properly reading out of the counter. Figure 3 is the basic block dia- 
gram for this system. Let us examine each of these steps in more detail. 
2.311 Converting Angular Position to Phase-Modulated Signals 

The common type of synchro bas « single-phase rotor and @ three- 
phase (usually Y-wound) stator.? In the usual synchro systems the three 
voltages applied to the stator are in time phase. In the system being 
described, however, balanced three-phase woltages will be applied to the 
stator. As in the case of three-phase motors or generators, such voltages 
applied to the stator will create a rotating flux field in the air gap of 
the synchro; the rate of angular rotation in the two-pole arrangement that 
exists in the eynchro* is equal to the applied frequency. The rotating 
flux field induces a sinusoidal voltage in the rotor winding. It can be 
seen that the phase of this simusoid (called the rotor simmesoi¢) will 
change as the position of the shaft neces and if the stator windings 
are properly distributed, the phase of the rotor simeoid (in relation to 
some fixed reference sinusoid) will be directly preportional to the angular 
position of the shaft. We may take one of the three stator voltages as 
the reference phase. 

The reason for choosing the control-transforwer type of synchro 
fe that it does — ite windings so distributed that the linearity between 


phase-shift and angular position is maintained.» 


os 


. Ref. 5., pp. 439-4bh, amd Ref. 7., pp. 12=2 to 12-26 
2. Ref. 6, Chapt. 3, p. 26 . 
Ref. 7.) pp» 1216 to 12-19 
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It ‘can be seen immediately that the synchro is a rugged, stable 
device which may be placed om the shaft to convert its position inte elec- 
trical signale (the rotor sinusoid). Thie aystem requires no auxiliary 
electrenic equipment at the location of the shaft. 


2.312 Converting Pnase-Modulated Signals to Pulse-Position-Modulated 
Signals 


In order to be able to handle the information contained in the 
incoming phase-modulated signals most efficiently in high-speed electresic 
circuits, it is necessary to comvert them to a pulse-position-modulated 
(PPM) signal. The conversion is accomplished by developing 0.1 microsecond 
pulses that are accurately timed with the positive-going sero-croesings 
of the rotor and the reference sinusoids. This ise accomplished by clipping 
and amplifying theee sinusoids, and using the leading edge of the resulting 
square wave to trigger a pulee generator or peaker circuit. (The circuite 
which perform these operations are called the clipper-peakers.) The pulse 
generated from the reference sinusoid will be called the contre] or refer 
ence pulse, and that developed from the rptor sinusoid, the information or 
code pulse. It will be seem that the time interval between the contro] 
pulee and the succeeding information pulse will carry the information as 
to the exact position of the shaft, Viane 4 will make this clear. 

2.313 Converting PPM Signals to Binary Numbers . 

The final conversion of the PPM signal to the binary pulee—coded 
number ie carried out exactly in the manner described in Section 2.22. 

In Pigure 4 the "gate from the flip-flep" that is shown is the 


same gate developed by the flip-flop in Figure 2. The pulees to the 


4 
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binary counter afe also shown to illustrate the time relationships. The 
binary number read out of ihe: Gomis for thie case would be 10100110) 
(which is the binary equivalent of 333), where ones represent pulees and 
zeroes no pulses. 

2.314 The Complete Systes 

The complete systes is shown in Figure 3. Wote how several 
shafts can be sampled by using an electronic switch. Thies diagram is con- 
siderably eimplified, since it shows the counter always connected to the 
system, In general, the counter would be connected to the coders only 
when the computer is about to read a shaft position. The counter could 
de used for other purposes at other tines. 

The system actually used in the thesis investigetion, illustrated 
in dDlock diagram form in Figure 5, has certain additions to the scheme 
described above which improve operation. These will now be discussed. 

2.315 Synchronisation of the Clock and Stator Frequencies 

Consideration of the system used will show that the surber 
developed for any given position of the shaft will change if either the 
repetition rate of the pulses from the clock-pulsee generator or the fre- 
quency of the signal applied to the stator changes. The only case vhen 
this will not be true is if each of theese frequencies changes in euch « 
way Sc to camcel the effect of the other. Suppose a system could be 
arranged such that if the clock frequency increased the stator frequency 


would increase in proportion. Then if such am increase occurred the time 


* See Section 3,31 Y 


-18- 
between the saute. and information pulse for the given position of the 
shaft would be smaller, since the stator frequency will have increased, 
But the number of puleer counted in that interwal of time would be the 
came as before the frequency changed, because now there are sore pulser 
per unit time ae @ result of the increase in clock-pulse frequency, 

By synchromizing the pulee frequency and the stator frequency, 
the above reeult will be obtained; that a6; the atator frequency will 
change in proportion to small changes in the iia frequency, an¢é the sus- 
ber of pulses for a given position of the shaft wil] remain constant. 

Thies synchronisaticn is obtained by the first five blocks of Figure 5. 
The clock-pulse frequency is divided by counting circuits to the proper 
etator frequency. The resulting pulse is used to generate a gate which 
is on for one-half the peried of the desired stator simeoi¢d. This results 
in a square-wave signal at the stator frequency. The fundamental of the 
square-wave is extracted by filter circuite, giving the desired sinewave. 
' Because the filter networks are not sharply tuned, slight changes in the 

, 
clock frequency will result ia proportional changes in the stator frequency. 


2.316 Generation of the Three-Phase Voltages from a Single—Phase 
Voltage 


Since the signal applied to the stator of the comtrol—transformer 
met be three-phase, two R-C phase-shifting networks are used to shift 
the sinewave from the filter networks 120 amd 280 degrees. The original 
sinewave on the two shifted waves form a three-phase signal te be applied 


to the stator. 
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2.727 Provision for Several Inputs 

Figure 3 shows the arrangement uso¢ to okiaw the computer to 
measure the position of several shafts. The stators are all fed in 
parallel by the three-phase signal. Each rotor output feeds « separate 
clipper~peaker circuit which generates the pulse synchrosised with the 
positive-going sero-croseing of the rotor sinusoid. As electronic switch 
ie used to select the clipper-peaker output corresponding to the selected 
shaft. The pulse from the selected channel goes through the ewitch ant 
becomes the code pulse. The control pulee and the selected code pulse 
then go to a counter to generate the binary mumber as discussed above. 
The selection switch is, of course, set up by the computer so that the 
proper channel will be selected, 

In the thesis ‘setup (Figure 5) we are concerned with only one 
shaft (at least to begin with); therefore, mo provision ie made for eleo- 
tronic switching. 

2.32 Characteristics of This Coder 
2.321 Time for Conversion (t)) 

Since this equipment is being designed for use with a high-speed 
computer, it is important that the time for conversion be as short as poe- 
sible, so that the input equipment does not slow down the operation of 
the computer. The time for corversion say be defined in two ways. For 
the purposes of the following calculations the time for conversion (t)) 
will be considered as the time between two successive contro] pulses, 
since — if the number is representing 360 degrees — thie is the amount 


of time that must be allowed to let the counter reach ite maxiauz count. 


The time for couversios when defined thie way is not exactly the same as 
the actual time interval required to send the number representing the 
shaft position tc the computer after the computer calls for it, but it 
is closely related to this time. 

In view of the above definition, the tise for conversion is 
inversely proportional to the stator frequency. The interval between two 
successive control pulses is equal to the period of the stator éimnneta. 
Thus we must consider whether the stator frequency can be chosen solely 
according to the desired time of conversion or whether other factors mast 
be considered. Before discussing factors which enter into the choice of 
stator frequency, it is well to consider the order of magnitude of time 
of conversion required, 

Suppose the compater is required to kmow the walue of 50 inpute, 
some of which are shaft positions; it must deliver computational results 
to 50 outputs; and it requires about 25,000 microseconds of computing time 
between reading the inpute and delivering values to the cutputse. Suppose 
further that a new value sust be read frosm “a impat or delivered to an 
output 20 times per second in order to be able to follow the changes in 
the variables. (This whole situation is, of course, simplification of 
any that might actually occur, but gives an order of magnitude. In Sec- 
tion 3,31 another way of looking at thie problem is presented.) Our aseump- 
tions mean that we have 1/20 second to sample all the inputs, complete the 
Computing, and furnish the results to the output channels. Therefore, all 


the terminal devices mst be sampled in 1/20 second minus the comput ing 
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time of 25,000 microseconds, or im 25,000 microsecomts, Simce there are 
100 terminal devices, we cannot spend gore than 250 microseconds in each 
conversion process, This gives a fair idea of the timing required in one 
application of this type of coder. Bote that this means the stator fre- 
quency should be 4 ke or higher. 
The actual interval between the time when a computer asks 
(by moans of @ special pulse) for the position of shaft x and the time 
that this information is available (in the fore of @ binary pulee-coded 
number) to the mes ie not im general equal to t.. The time required 
to read a shaft will be designated as ti In general, the exact magzituie 
of Ps will depend on the way the computer is set up. Usually, the follow 
ing steps must be taken: 
(1) The computer needs to mow @ shaft position, It eets up a 
switching and control system which will (a) indicate that 
@ shaft position is to be read and make electronically the 
necessary interconnections, (b) indicate which shaft posi- 
tion is to be read, and (c) yom the bimary counter. This 
all requires a very short time (of the order of 10 microseconds). 
(2) Nothing happeas mow until a comtrol] pulee atrives. The time 
at which the computer asks for the iaformation is not usuakjy 
synchronised with the comtrol pulees (although it cam be), 
so that it requires a time equal to %,/2 om the average before 
@ control pulse arrives. This time may be as long as ‘- 
(3) Clock pulses then pass om to the counter and set it te the 


proper mumber, The information pulee may be used not only 
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to shut off the flow of pulses to the counter, but alse te 
indicate to the computer that the number in the counter is 
ready to be read. This step may teke as long as = if the 
position is near 360°, but if the shaft te turning in a com 
pletely random fashion it will take t/e on the average. 

Adding the times required for all of these steps, we eee that 
t. may be as long as a (plue @ emall amount of time for step one end 
for reading out of the counter). On the average, however, the time to 
read out will be equal to t. (plus the same small amount of time). Thus 
we are justified in using .. as a criterion in determining how much tise 
will be taken in reading a shaft position. 

Some reduction in the tige to read out can be obtained if com 
puting contimes while the counter is being set. This involves some 
complications in programming, however, 

2.322 Sensitivity 

To get back to the question of what other factors influence the 
choice of stator frequency, consider the eaietten of sensitivity. Sensi- 
tivity ie defined as the smallest change in shaft position that will cause 
a change in the binary mumber at the output. Por instance, a sensitivity 
of 1 part in 1000 (or 1/1000) would mean that « change in shaft position 
of 1/1000 revolution (or 0.36 degrees) would cause « change of one unit 
in the binary number. Disregarding other factors, the sensitivity should 
be as small a part of a revolution as possible. 

Consideration will show that the sensitivity depends on two 


factors, (1) the stator frequency, amd (2) the clock frequency. In fact, 


if we let S denote the sensitivity (expressed as a fraction of @ revolution), 
f 

f. Jenote clock frequency, and .. stator frequency thes 5 = r . Ae an 
c 


example, suppose t. is 10 wc and t. is 5 kc. The sensitivity would then 
be 1/2000. Im one period of the stator sinusoid there will be « maximus 
of 2000 clock pulses. Providing the rest of the system ia sufficiently 
sensitive, the counter could detect the presence of one additional clock 
pulee, or of 1/2000 part of the maximum input (one revolution). 


We noted in Section 2. 721 that the time for conversion (t.) ie 


inversely proportional to frequency ‘. Thus § = 7 and we see that 
cs 


for a given t. we can decrease the time for conversion only by impairing 
sensitivity, or, conversely, sensitivity may be improved by lengthening 
the time required for the conversion. Mote further that we gain both ways 
if we increase the clock frequency; that is, time of conversion say be 
decreased without increasing S$. The maxigum clock frequency that can be 
used is set by other considerations, the most important being that the 
counter and other equipment will not operate/at excessively high clock 
frequencies. In practical application, sensitivity and time for conversion 
are given, and the clock and stator frequencies are chosen to meet these 
requirements, if poesibdle. 
2.323 Accuracy 

Accuracy must be distinguished from sensitivity, although the 
two are related. Sensitivity measures the ability of the device to indicate 
small changes in the input, Accuracy ie the relation between the input and 


the output. For a givem output, ome cam eay that the input is actually 


within x parte of @ revolution of the value of the output. This figure x 

is then a measure of accuracy, and should, of course, be as emall as pos- 
aidle. Yor many uses accuracies of the orter of 1/360 (that is 1.0 degrees) 
are sufficient. Ome might ask at thie point if it ie ewer necessary to 
have a sensitivity better than the accuracy, Sut actually there are times 
when it ie more important to indicate # change in the variable than to 

know its exact value. This is especially true where the device ie part 

of a feedback loop. Of course, the same things that cause ismaccuracy could 
also cause Sadeeibivier: but that is not true of this ayster. 

There are two types of inaccuracy that may oocur in thie system, 
There is, first of all, the relative error or the error which is s func- 
tion of the angle. That is, we may suppose that the system is adjusted 
so that an angle of sero degrees produces the mumber sero in the output. 

If there were no inaccuracy, then there would be a linear relation between 
the angle and the sumber goimg to the computer. Any deviation from this 
linear relation will be an inaccuracy, Often thie type of error is cyc- 
lical, that is the numbers vary from wna eles by the linear relation 

in a cyclical manner when plotted ae a function of angle. Thie type of 
error is called relative since it will occur regardless of what number 

‘3 chosen to represent sero degrees. 

The second type of inaccuracy is due to the fact that the sus- 
ber representing sero changes with time, temperature, voltages, frequency 
or any other parameter. Of course, as the number representing sero degrees 
changes, all the other mumbers change in proportion so that the relation 


between the number output amd the angle is still linear (assuming no 
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relative error). Nevertheless, this type of inaccuracy is very izportant. 
The computer must know not only the relation between the actual angle 
and the numbers it receives, but must aleo know which sumber represents 
rero position. Once the computer has these constants, they must not change, 
since if there is a drift in sero position the computer will sisinterpret 
the numbers it receives. We will consider the problem of seroing end rero 
drift in Section 2.3232. Piret, we will discuss sources of relative error, 
2.3231 Relative Brrors 

Inspection of the block diagram will show that the only elements 
whose operation is affected by a change im the shaft position are the 
synchro, the flip-flop and gate tube at the input to the counter, and the 
counter. All the cther equipment operates independently of shaft position. 
For the purposes of this thesis we are @ssuming that the flip-flops, gate 
tudes, and the counter operate correctly. (This means that any jitter in 
the timing involved is less than 0.2 mieroseconds and hence lees than the 
time between two clock pulses.) ‘Thus the principle relative inaccuracies 
must come from the control-transformer itealf, 

Errors in the control-transformer come from three sources: 
(1) imperfect windings, (2) imperfect balance of the three-phase stator 
voltages, and (3) harmonics either in the stator voltages or istuced by 
the magnetic circuit iteelf. The comtrol-transformer used hae windings 
that are precision-made, and the error due to imperfections in the wind ings 
ie believed to be less than 1/5 degree. The error caused by unbalance of 
the three-phase can also be made quite small by careful adjustments using 


Pa 


* Thie may not always be true since it is possible to have the computer 
periodically check ite sero against the actual sero position of the shaft. 
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sethode described later. These overte are not negligible, however. The 
error due to harmonics is este important, since it is not easily con- 
trolled, and ie beliewed to be a major source cf inaccuracy. We will con- 
sider this problem later (Section 2.5223). 

The ain in the development of this ¢evice is to get accuracies 
of about 1/360 or about 1 degree. This should be attained with good 
stability so that readjustments are required no oftener than oace ‘s dey 
We assume that if greater degrees of accuracy are required, multiple 
cpeed systema will be used (see Section 2.63). 

2.3232 Zeroing and Zero Drift 

Ae we have mentioned previously, the computer must know which 
number represents the sero (that is the reference) position of the shaft. 
Usually, of course, this number will be sero. We have also implied that 
this relation between seros should be comstant with time. First, however, 
let us see how we would adjust the system so that the seros coincide. 

First, we could just take the system without adjustment, so that 
some arbitrary number represents the referente position, and then make 
@llowance for this fact in the program used by the computer in solving 
the problem. This is not desirable in many cases, however, since it may 
increase the computing time required. It aleo is inconvenient for the 
persons writing the program since the reference sumber for each shaft would 
be different. 

The next thing that could be done is to mechanically ei just the 


s 
controletransformer position uatil the seros did coincide. This method 


os 


would probably de used after installation, and cam also be used if any 
tateie adjustments are aseted. Another way to vary the susber representing 
a given shaft position would be to imtroduce a phase-shift in the rotor 
output. This is equivalent to advancing or delaying the code pulee is 
respect to the control pulse, so that the two pulses can be made to coils- 
cide for the shaft position which is to be the reference position. It is 
possible to delay the code pulses themselves, but in general it {fs much 
easier to get phase shifts which are equivalent to lomg delays, than to 
get the delays. Using the phase-shifting arrangement allows one to let 
the number .ero represent any particular shaft position at any tise, 

This last system of seroing suggests @ source of sero isaccuracy. 
We must be sure that the phase (or more generally the time relation) 
between the reference sinusoid (or reference pulse) and the rotor simsoid 
(or the associated code pulse) does not change except as a function of 
shaft angle. Let us comeider which componeats in the syste might give 
rise to zero drifts. There are two. First, consider a change in the exact 
part of the cycle at which one of the clippdér-peakers produces its pulee. 
If either of the clipper-peakers changes in such a way that the pulee is 
produced before or after the sero-crossing of the sinewave, this will be 
equivalent to introducing am advance or delay of the coatrol or isform- 
tion pulse (whichever the case may be). This would im turn cause « change 
in the zero positiom, It is beliewed that the clipper-peaker circuite 
are so deetagnel that this type of sero drift will be negligible, if 


voltages are reasonably well regulated. The second source of this type 


xs 


of error is in ahy coupling networks used, either in the rotor circuit 

to set the sero position as decries above, or in the coupling circuits 
within the clipper-peakers. These circuits, being passive, are not likely 
to give trouble by drifting with time, but the phace shift could change 

as a function of frequency, and we have seen (Section 2.315) that, because 
the system is synchronised, the frequency need not be constant. This effect 
ig actually made negligible in the internal coupling circuits by making 
the phase vs, frequency characteristics flat over the frequency range in 
question, (That is, theee circuits have the proper frequency responee iz 
the region of interest.) However, any circuit placed after the roter for 
the purpose of adjusting the sero position or for other reasons may intro- 
duce a considerable phase shift as a function of frequency unless epecial 
care is taken in the design of the circuit. In general, it is dest to 
adjust the sero position by mechanical means. 

If the circuite for this system are all properly designed, the 
zero adjustment, once set, should be comstent im epite of reasonable varia 
tione in frequency, voltages or other parameters. 

2.324 Ultimate Values for Time of Conversion and Sensitivity 

It ie interesting to consider the best performance that can be 
obtained from this system of comversion between shaft position and binary 
pulse-coded numbers. Probably the ultimate over-all limitation is how 
fast the counter can count. Counters available today cam be mando te cperate 


with pulses occurring at 5 ac. A 10 wc counter has been constructed, ! 


Le Ref. 8 ra 


and it seems poseible that if all the techniques known in the art of elec- 
tronics were applied, a 15 ac wemaken could be developed. This last figure 
will be used as one upper bound on performance, 

The other important limitation is that the accuracy is limited 
by the device used to convert the shaft position into @ phase-modulated 
signal (the first conwersion device), This device must be mechanical, 
and it te probably not possible to sake such devices with an accuracy of 
greater than 1/500 revolution. It does mot seem likely that the sensi- 
tivity will ever have to be sore than 1/4 the accuracy, so that S = 1/2000 
can be considered another upper bound, 

These two dDounds lead to the conclusion that, if we ueed the 
maximum sensitivity of 1/2000, then the time for comversion would be about 
133 microseconds. The stator frequency would be 7.5 ke. 

One might also ask how high the stator frequency may be mate. 
Thies question is especially important if we wish to reduce the conversion 
time. For instance, if the conversion time is reduced to 20 microseconds 
(vy allowing a sensitivity of 1/300, which may be sufficient in many cases) 
the stator frequency would have to be 50 ke which seems rather high for an 
electro-mechanical device such as the control-transformer. Experimental 
evidence proves, in fact, that synchro devices uni be used at frequencies 
aoove 20 ko. > This is not @ real limitation, however, since fro 20 kc 
up to over 100 ke a capacitor—type phase-shifter or an air-core control- 
transformer could be used. Thus we see that conversion times of 20 micro-. 
seconis combined with a sensitivity of 1/300 are not infeasible. It should 


SS 
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be mentioned that capacitor phase-shifters are not capable of the high sen- 
sitivity of the synchro.* But capacitor phase-shifters would probably only 
he used where short conversion times are more important than sensitivity. 
Also, capacitive devices are not as rugge( as eynchros and are such sore 
eensitive to variations in the capacitance of the lomis to which they are 
coupled. Hence, they should only be used where the short conversion time 
(less than 50 microseconds) is absolutely necessary. Information on air 
core synchros does not seem to be readily available, but they seem to be 
worth investigating for high-frequency work, especially since voltage levels 
in this system can be low. For the purposes of thie thesis the iron—core 
synchro ie entirely satisfactory. 
2.325 Parameters Cheeses for the Thecis Investigstion 

The frequencies for the syster to be tested in the theste were 
chosen in the following manner. A consideretion of the possible user to 
which this system might be put in the near future indicated that a con- 
version time of 250 microseconds should be satisfactory, end that a sen- 
sitivity of about 1/1000 of a revolution wuld/bte required. This leais 
immediately to the choice of a stator frequency of 4 kc and a clock fre- 
quency of 4 mc. Fortunately, the electronic equipment on hand will func- 
tion at 4 mc, and, ac we have said, & ke is well within the useful range 
of frequencies of a control transformer. Also, this syeten will operate 


eatiefactorily with the decoding system described in Section 3. 


1, Bef. 5., pp. 492-496 
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If thig coder is to be employed in systems with different require 
wala, changes in the eivestion of a shorter conversion ttue and less sen- 
vitivity will probably be required. This caz be accomplished by increasing 
the stetor frequency. 
2.326 Advantages of the System Developed in Thie Thesis 
To summarize, the systems being described has the following ad- 
vantages: 
(1) The first conversion device (a synchro control-traneformer) 
is very stable and rugged, and requires practically no special 
maintenance. It requires only one set of three-phase voltages 
of low amplitude (lees than 10 ¥) ani no direct potentials 
such as vacuum—tube circuits require. 
(2) All of the electronic equipment that might require special 
adjuctment may be put in the same place as the computer, 
where it may easily be checked and serviced. 
(3) Accuracites of the orter of 1° of ehaft rotation (ome part 
in 360) are obtained. / 
(4) The system may de used to advantage in radar applications, 
where the range data is already pulee-position modulated 
data, and may be converted into binary numbers in the same 
counter that is used to convert the shaft eeattian éata, 
(5) The sampling rate may be high if desired, so that fast 
moving shafte may be measured. 
(6) Time of conversion may be made very short. In the «yete= 


developed it is 250 microseconds, but can be shorter. 
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2,4 DESCRIPTION OF THE INDIVIDUAL UNITS USED IN THE TEESIS INVESTIGATICH 

In this section, we dinette each of the unite that are used in 
the coding system. 

By way of summary, we cay list the component units required to 
complete this system. The exact descriptione of the unite will then be 
presented in order, 

(1) 4 me Pulse Generator (Clock) 

(2) Frequency Divider (3 cascaded unite are required to obtein 

1000/1 division) 

(3) Gate Generator 

(4) Filters and a Phase-Shifting Systex 

(5) Control Transformer 

(6) Clipper-Peakers (for developing pulees synchronize’ vith 

the positive-going sero crossing of a sinewave) 

(7) Electronic Switch 

(8) Counter 

(9) Flip-Flops and Gate Tubes 

2.41 The Clock-Pulse Generator 

The clock pulse generator produces pulees at a repetition rate 
of approximately 4 megacycles. The clock pulses are standard pulses for 
Whirlwind equipment. These pulses are approximately en iaeatee, 0.2 
microsecond long, and at least 15 wolts in amplitude. 

The clock-pulee generator actually used is one of o mumber of 
rtandard test units developed by Project Whirlwind to facilitate the testing 
of equipment. The detailed description of these standard test unite is 


Available in Project Whirlwind reporte.? Ve will not, therefore, give 


s 


i. Ref, ‘9 and Ref, 17 


details of any ‘of the units used in thie theeis which are also standard 
Whirlsii¢ test-equipment chitin. 

The clock-pulse generator consists of a sinewave oscilletor whose 
frequency ie variable over a range from avout 200 rilocycles to 5 negn- 
cycles. The output of this oscillstor is clipped and amplified and fed 
tc an BLC peaker which producee the standard pulees at the same frequency 
ee that of the oscillator. Ae wo have said before, in the sycten for con- - 
verting shaft position into a binary pulse codec number, the frequency 
is set to 4 megacycles. 

2,42 The Dividers and Pulse Standardiser 

Following the flow of the sicral as presented in the block die 
gram (Figure 5) we next come to a 1000-to-1 divider stage. Thies stage 
consists of three 10-to-]' dividers. These unite are commercial decade 
dividers built by General Electric called Decade Scaling Unit Type Yrz-1.* 
Bach 10-to-1 divider consists of a flip-flop or a scale-of-two circuit 
followed by a ring counter set up as a scale-of-five circuit. This 
arrangement givee a total division of 10 te. 1, and is considerably more 
reliable than the more common multivibrator frequeacy—divider sisce all 
tudes operate on an "on or off" basis. According to the manufacturer, 
these unite are capable of accepting and counting pulees at @ continucus 
rate of up to 5 megacycles, and therefore should be perfectly eatisfactory 
for our purposes, The output pulee is a positive pulee approximately 


1 microsecond wide and 40 wolts in amplitude. Since this ie not a etandard 


1, Ref, 10 
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0.1 wicrosecoad ‘pulse, a pulse standariiser is used to develop @ pulse to 
Sitweiae the gate generator which follows the divider. The pulse standard— 
tzer! ie-an RLC peaker followed by an amplifier. Pigure 6a shows the clock 
pulses, and 6b the output of the first dividers. The output of the lest 
divider is of the same shape and differs only in frequency. 
2.43 The Gate Generator 

The output of the divider occure at a 4 kilocycle rate. It is 
then necessary to generate a 4 kilocycle sinusoid. It was decided that 
the easiest method of doing this, considering the equipment available, 
was to generate gates of 4 kc repetition rate and then filter out the 
fundamental from the resulting square wave. The gate generator is one 
of the standard Whirlwind teet equipment units. It consiets essentially 
of a one-shot sultivibrator whose “om” period may be waried from apprexi- 
mately 1/2 microsecond to as long as 2500 microsecomis.* (A delayed pulee 
generated from the trailing edge of the gate may ales be obtained from « 
gate and delay unit.) It will be seen that for our purposes the gate 
length should be set to 125 microseconds. The output of this gate genere- 
tor will then be a square wave which is positive for 125 microseconds and 
negative for 125 microseconds, and thus has a fundamental frequency of 
4 kilocycles. This ie shown im Pigure 6c. Since the gate ie triggered on 
by the pulse from the 1000 to 1 diwider, it is aynchresizet with the 


4 megacycle clock pulees. The amplitude of this gate ie about 40 wolts. 
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2.44 The Filters and Phase-Shifting Networks 
As we have said, thie 4 kKilocycle square weve must first be 

filtered so that only the fundamental frequency remaine. We must then take 
ue resulting sinewave and shift ite phase both 120 and 2uO degrees, so 
that we will have a three-phase signal at 4 kilocycles. Refer to Figure 7. 
It was found that two ™eection lowpass filters with a cutoff at about 
4300 cycles per second were required to isolate the fundamental’ frequescy 
of the square wave. The first filter? (an mderived N—section) is placed 
at the input to the amplifier (¥, in Pigure 7). The second filter 
(a constant-k N—cection) is placed in the output of that stage. The pur- 


pose of V, is to drive the transformer Tt and to compensate for the losses 


1 
in the filters. The wave forms of the output of the gate generator are 
shown in Figure 6c, and the signal after the first filter im Figure Sa. 

The signal after the second filter is wery nearly a pure sinewsve. The 
output of the transforger is arranged in a push-pull fashion and is followed 
by two ReC phase-shifting networks. One B-C network shifte the phase by 
+120° and the other by -120°, neither istréducing any appreciable change 


in amplitude. The conditions for adjusting art and a, to give 120° phase 


shifts ares" 
i 
wy” Vee 
> ae: 
wey yz 
l. Ref. 13s» p. 132 . 
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A method of making these adjustments is diecussed in Section 2.523. - By 
neans of the phase-shift networks, we have 3 sinusoids, all of approximately 
the eame amplitude, but cach 120 degreee out of phase with the others. 

(All three are shown simmltaneously in Figure 8b. Note that in this’ 
figure, the amplitude of one phase is slightly higher than of the other 

two. This undesirable situation was later corrected by plaring a %500 

ohm resistor acrose the plate load (2000-chm resistor) of Ps to- reduce 

the gain in that stage slightly.) These three-sinusoids are then applied 


to the grids of tubes vo v,, and ¥, in Figure 7. These tubes prevent 


3’ 
the phase-shifting networks from being loadei »y the low impedance of the 
control-transformer stator. The phase-shift networks would introduce 

undesirable amplitude changes if not operated into a very high impedance. 


The outpute of Yo v_, and ‘, are coupled to the stator of the control- 


3 
traneformer by means of matching transformers eo that the proper impedance 
matching conditions will be met. The impedance of @ stator lead to ground 
in approximately 600 ohms at 4 kilocycles. The plate of the tubes is made 
to look into approximately 20,000 ohms due’to the step-down wiading of 
these matching transformers. 

: The 0.5 microfarad capacitors across the stator windings were 
used to help tune the windings. It was later found that they are unneces- 
sary, and they were removed. The purpose of the rotor filter ¢reve in 
Figure 7 will de discussed in Section 2.523. 

Type 6487 tudes are used throughout thie circuit because that 
type will handle the large grid signals which exist. The output of the 


let lowpass filter is approximately 32 volte peak to peak (see Figure Sa), 


end since we require this signal to »b# amplified in « linear fashion, the 
tube must be able to — these large gri¢ sewinge. The 6AS7 tube was 
found to be the best one available for this purpose. Each stage has a 
gein of approximately 2, 
2.441 The Derivation of the Control Pulee 

The control pulse is developed frog one of the statcer sinusoids 
by a clipper-peaker circuit. The only unusual point here is that the 
reference sinusoid is taken from the primary side of the transformer which 
feeds the stator (rather than directly from the ctator) as shown in Figure 7. 
This was done because (1) the amplitude of the signal on the primary side 
is larger and the clipper-peaker operates better with larger inpute, and 
(2) because when a filter is placed in the rotor output to remove harmonics 
(Section 2,523) the stator waveform is affected by the reaction of the 
armature flux field on the etator windings. Thies distortion waries the 
time of the sero-crossing of the reference phase ne the rotor is turned; 
therefore, it would introduce considerable error into the system. It wae 
found that on the primary side of the traéusformére the waveform was not 
affected by the armature reaction, and connecting the clipper—peaker at 
this point worked very well. The prodlem.of distortion due to armature 
reactions was later eliminated by a method described in Section 2.526, 
but the ond clipper-peaker was still fed from the oianey of the transformer 
because of the higner amplitude. 

This change in the point from which the control pulee is derived 
could mot be made if the transformer introduced a phase shift as a func- 
tion of frequency and hence a sero error. There is apparently me euch effect, 


however, and no trouble was experienced in obtaining the desired accuracy. 


2.45 The Control Transforser 

Obviously the seated ctvemetevees ie a most importent unit in 
thic conversion system. Some time was spent, therefore, in examining the 
characteristicc of the various control-transformers ses ae in terme of 
accuracy, ruggedness, reliability, and size. Tne unit finally chosen was 
the Autosyn Type AY1OLD made by Eclipse Pioneer, a division of the Benéix 
Aviation Corporation. This synchro is a 400 cycle device which normally 
requires a rotor excitation of 26 volte. It has a single-phase rotor and 
a t—phase Y-connected stator. According to the manufacturer, the socuracy 
spread of this unit when used in @ synchro followup system as & receiver 
should be lesa than 0.4 degrees. 

It will be noted that we intend to use the control-transformer 
slightly differently than in the manner for which it was originally designed. 
In the first place, we are going to apply }-phase signals to the stator, 
and in the second place we are going to operate at & kilocycles ineteat 
of 400 cycles. Preliminary tests were made on thie control-traneformer 
which indicate that the resonant frequency of the windings is well above 
30 Kilocycles, and that operation at frequencies as high as 20 kilocycles 
could be obtained. Certainly no trouble was experienced at 4 kilocycles. 
The fact that we are applying }phase to the stator rether than 3} single 
phase voltages has no detrimental effects on the unit, 

In this thesis the line-to-line stator voltage wes about 3.° 
volts, and the output from the rotor about 5.4 volte rms. These amplitudes 
could be higher if needed without damaging the control-transformer, but 


no such need arose in our work. 


(2646 The Clipper-Peakers 
The clipper—peaker is the second type of circuit which wae de— 
signed specifically for this application. There are two used in the thesi«, 
the first for the control~pulse and the second for the information pulee. 
They are required to develop 4 etandard pulse accurately synchronised with 
the positive-going sero-crossing of @ sinewave input. There are two prin- 
ciple ways for so developing a pulse: (1) by means of regenerative ampli- 
tiers? which, because of their non-linear regenerative nature, give a very 
large amplification for a small range about sote particular value of the 
input, and (2) by means of clipping stages followed by amplifying stages. 
Two different types of regenerative amplifiers were tried is 
an attempt to produce either a pulse or a sharply rising weve-front accu- 
rately synchronised with the sero-crossing of a sinewave. Although these 
circuits worked, they had two priaciple drawbacks, These were (1) they 
tended to oscillate; that is, they produced as cutput even though ‘here 
was no input (oscillations occurred because of the large amount of regenera- 
tion required to get sufficient rise tines) eat (2) the exact point in 
the sinewave at which the pulse (or steeply rising wave-front) was developed 
varied. In other words, the pulse not always developed at exactly the 
rero~crossing of the sinewave. This timing was especi#liy sensitive to 


variations in certain voltages. 
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Since the operation of the whole conversion syetez depends upon 
being adle to develop aiines synchronized with the sero-crossinge without 
introducing any unnecessary tise delays or time jitter, regenerative cir 
cuits were rejected and it was decided to use the second method. In this 
zethod the sinewave is clipped by means of diodes ant then amzplified, and 
this process is repeated several tices so that the output ie & square wave 

whose rise and fall are accurately timed with the sero-crossings of the 
sinewave. It wae found that thie system works wery well ané does not 
require many more tubes than the regenerative ayetes. The clipping method 
has the advantage that it was quite insensitive to wltage changes and 

to deterioration of the tubes, 

Figure 9 shows the details of the clipper-peaker circuit finally 
used. Wote that clipping is accomplished by means of crystal diodes? 
(Type D359). These diodes are entirely as effective as high-vacuum diodes 
in this application. Crystals aleo have a longer weeful life and are 
smaller in size. Referring to the circuit diagram in Figure 9, we see that 
the simusoid ie clipped immediately as It enters the circuit. The 10 k 
resistor (8) provides an impedance against which the clipping action may 
take place. The D359 crystals used for thie clipping have characteristics 
which are shown in Figure 10. Mote that the forward resistance is less 
than 50 ohms except for voltages less than 0.5 wolt, and that back resie- 


tance is more than 150,000 ohms. Since the two diodes are essentially 


l, Ref. 16 
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in ceries with R,, when either dio¢s has @ voltage of more than 0.5 volt 
across it in the forward direction, the signal is reduced by a factor of 
about 50/10000 or .005, while for a 1.0 wolt range about sero input, seither 
crystal is a very low resistance and the signal is reduced by a much lower 
factor. For example, 4t 0.1 wolt the signal is reduced by about only .1 
and nearer zero by even less. The clipping action of the two diodes com— 
nected as shown is thus quite effective. Figure lia shows the output of 
the rotor for two different shaft positions. This sinewave is aleo the 
input to the clipper-peaker, Figure 11b shows the woltage across the two 
diodes. Thies signal is applied to a stage which is simply « clase-—A 
pentode-amplifier stage except that the load resistance is non-linear, be- 
eause of the clipping action in the grid circuit of the next stage. Here 
again the cryctale are used for clipping. MNdte that « bias of approxi- 
mately two volts ie applied to the crystals (by resistors R, and R,) 80 
that the clipping action does sot occur until the signal is greater thas 
2 or less than -2 wolts. The signal at this point is shown in Pigure lic. 
The final amplifier stage (¥, “‘ Figure 9) ie umusual in that 
it has an inductive plate impedance. The reason for thie is as follows: 
In thie stage the rise time of the plate wave is limited by the 
relatively slow fall of the grid waveform rather than by the frequeacy 
response limitations of the stage (even with a high impedance load). 
The grid falls at about 1.6 volts per microsecond whereas the tube will 
amplify signals falling as fast as 10 volts per microsecond. Thus, in 
order to get the slope of the wave-front as large as possible it is 


desirable to make the atage gain as large as possible, This can be done 


by putting 6 large impedance in the plate circuit. A large resistor wuld 
be eatisfactory except that it requires high d=-c voltages. Therefore, an 
inductor is used (L)), since it hae a high impedance during the rise tine, 
which ie the only part of the waveform we are interested in, 

The purpose of the crystale across the inductor is discussed 
after we consider the way in which the peaker operates, 

Figure 12a shows the waveform at the plate of Vo. The rise time 
of the positive pulses is about 50 volts per microsecond, The wavefors is 
not flat across the top, but is @ pulee because the inductance does aot 
remain a high impedance after the initial sharp fall on the grid. Since 
we are only interested in the plate rise, however, thie effect is mot 
important, 

A gas—tube peaker’(V,) is used since it develops a large empli- 
tude output at a low impedance lewel. Thus no buffer amplifier is required 
to drive a cable, as would be the case if an B-l-—C peaker hat been used. 
When the peaker tube fires, the plate to ground capacitance (¢,) dtecharges. 
Since it takes about 200 microseconds for this capacitor to recharge 


(through Ry), the tube fires only once. ‘The inductances (lL. _) aad C 


2,3 2 
are a pulse forming circuit. This circuit causes the output pulee across 
a8 100 ohm cathode resistor to be 0.1 microsecond long. The output pulee, 
shown in Figure 13>, is about 100 wolts in amplitude. (The pulee in 
Figure 13> appears slanted because the pairs of deflection plates in the oecillo- 
scope were not exactly perpendicular, ) 
In considering the coupling of the plate waveform of ¥_ to the 


2 


erid of the peaker tude (¥,), it must be remembered that when the peaker 
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vube conducts te grid draws current of the order of &3 ma. In order 
that this current does not build up a@ bias om the capacitore in the 
coupling circuit, ‘he time constants must be kept short. It will be seen 
that the time constant forzed by GC. and a, and Be in parallel is about 

10 microseconis. (Refer to Figure 9.) The siniwus interval between two 
auccessive firings of the peaker tube is sore than 200 gicroseconéds, 60 
that any charge built up on C, by grid current leaks off before the next 
firing. Therefore, the grid is kept at <9 wolts obtained from the voltage | 


) will fire with a grid voltage of 


division in BR. and Re. The tube (¥ 


5 3 
about -4 volte, and tims fires during the sharp rise applied to the grid. 
The differentiating action of the short-time-constant coupling is only an 
incidental effect in this circuit. 

Figure 12> shows the rise on the grid of the peaker just before 
and after the tube fires. Mote that the slope of the waveform before the 
tube fires is about 50 volts per microsecond. (See also Figure 12c, which 
shows the grid waveform with the peaker tube removed so that the effects 
of grid current are eliminated.) The =o variation in the exact firing 
voltage of the thyratron (¥,) fe > 2 wits.’ (Tie includes the effects 
of aging, temperature variations, etc.) Simce we want the jitter due such 
variations to be less than 0.1 microseconds, the slope of the wavefore 


should be at least 4 wolts per 0.1 microsecond or 40 wolte per microsecon4. 


The existing rate of rise is therefore sufficient. 


1. Ref, 18 


4h 
The ranted’ diodes connected acress the inductor (Ly) are for 
the purpose of clipping the negative going pulses. These pulses are not, 
'n themselves, dicadvwantageous, but if they are allowed to remain at full 
amplitude, they are followed by a larze positive overshoot. * This posi- 
tive signal applied to the peaker grid was found to ‘es enough to re-trigger 
the peaker tube, which of course is highly undesiratle. (The peaker should 
fire only on the positive going pulse which is developed when the ae of 
¥, goes negative.) The diodes effectively dazp ent the negative pulee 
aod hence the overshoot which would normally follow i*. 

These clipring diodes tend to reduce the riee time of the posi- 
tive pulee since the impedance in the plate is limited by the back resie- 
tance of the crystals, rather than by the inductor. Howewer, the rise tise 
ie still sufficient in this case. Two crystals are used is order that the 
inverse voltage rating for this type of crystal will not be exceeded. The 
220 ohm resistor helps to limit the peak forward current through the crystals 
to a safe value, 2 

Figures 12a and l3a show the effect of the clipping action on the 
overshoot. Mote that in Figure 13s the peaker would fire at both "A" and 
"B", "BY being the time of the unwanted overshoot, With the damping diodes, 
firing occurs only at "A", as shown in Figure l2a, Figure l3c shows the 
output of the peaker superimposed on the input to the clipper-peaker cir 
cuit. Time delays in the test equipment are probably the principle reason 
why the pulse does not appear to occur exactly at the sero-crossing of the 
sinewave, 


Oe 
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2.47 The Blectronic Switch 

In this thesis we _ Q@seuring that cogponents such as the elec- 
tronic evitch? ere available. Wo attempt was made tc conetruct a switching 
device, and in fact attention was focused mainly on the overation of the 
eyetem with only one shaft. 

Because cf the placement of clipper-peakers before the switch 
(cee Figure 3), only pulses ceed be gated by the switch, and this te 
eactly accomplished.. It might ocem at firet that a considerable saving 
could be made ic the number of tubes required if the switch were fe¢ directly 
by the rotor outputs, because then a siigle clipper-peaker following the 
switch would eerve for all shafts, thur reducing the aurber of clipper 
peakers required. Thies method would mean, however, that the switch would 
have to select sinewaves. “A survey of methods of selecting einovaves* 
showed that at least two and probably more tubes per input from a shaft 
would be required (in addition to the usual gete tubes in the switch) in 
order that the sinewavee would not te distorted by the gating action of the 
switch, and in order that the switching tise de small compared to the con- 
version time of the system. Since the clipper-peaker has only three tubes, 
the actual net saving in tubes would be emall; if any. 

(The only other problem in operating with more than-one shaft 
position is in driving all the stators. The problems of power and of 
impedance matching are trivial. The important question is whether the 


phase-bdalancing adjustments made for one stator will be correct for the 


i. Ref. 20 y 
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others. Since the control-transformers uced are precision wound, the 
adjustment should hold for a number of units, providing that the reaction 
of the rotor current on the stator waveform ie sufficiently czell. ‘This 
problem is discussed further in Section 2,526.) 
2.48 The Counter 

The counter is another element in the system which we assure 
can be obtained. The only requirement om it ite that it be able to count » 
pulses at the required rate (4 mc in the system ueed in the theeis). 
As pointed out in Section 2.724, it would be desirable to have « counter 
which would resolve and count 15 mc pulses, since thie would decrease the 
conversion time without impairing the sensitivity of the system. At 
present, reliable counters that are effective above 5 mc are sot arsilable, 
but probably could be dewelopec if a need arcee. For the thesis work no 
counter was needed, 

2.49 The Flip-Flops and Gate Tubes 

The flip-flop and gate tube were described in Section 2.22. 
Tor the thesis two ctandard Whirlwind register penele were ured for the 
test setup to be described, A register panel contains a trigger tube 
(essentially a pulse amplifier), a flip-flop, and a gate tude. To of 
these panels form the two flip-flop and gate tube ee ae of a test 
setup to be described. One extra gate tube is needet, and it is obtained 
from a gate tube panel,” which ie a standard Whirlwind panel contairing 


three gate tubes and associated circuits, 


l. Ref. 21 
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If the clock pulse frequency is to be higher than 4 uc, flip- 
Fieus and gate tubes would have to be uced which could operate fast enough 
. so that the rise and fall timee cf the gates would be small compared to 
the interval betwees two clock pulses. The riee tise of the gates in the 
equipment used is less than 0.2 microsecondc, and the fall tize just about 
0.2 microseconds. 

The oscilloscope used for teet purp.ces was a DuMont type 2563, 
2.5 TEST PROCEDURES AND RESULTS 

In this section we will discuss the actual operation of the 
system, the adjustments that must be sade, and the results obtained. 

2.51 Test Setup 

Since the stator frequency ie 4 kc in the system used in the 
thesis, a control pulee will occur once every 250 msicroseconde, followed 
by a code pulee (on a separate line). A system (shown in Figure 14) was 
set up so that we could sample the information contained in the paire of 
pulses at any desired rate up to about 100 times per second. It is 
desirable to sample the information at low rate’ for two reasons: (1) it 
more nearly simulates the conditions the syetem would meet when used in 
conjunction with the computer, where the shaft position would be sampled 
about once every 1/50 second, and (2) to use this setup in conjunction 
with the decoder being developed as the other part of the thesis, it is 
necessary tc feed information to that system at relatively low rates. 

Te test setup shown in Figure 14 works as follows: The blocking . 


cecillator will produce pulses at a variable repetition rate of from rere 
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(push Dutton) to.over 100 pulses per cescn¢. (See Figure 36.) Let us see 
eat happens following the arrival of one of these pulses at flip-flop } 
(¥F 1). 

Both flip-flops are initially in the cleared position (eet to 0) 
co that all gates are closed. The pulee srom the blocking oscillator sete 
YF 1 to 1, opening its gate tube. The next control pulse to come alone 
will pase through thie open gate tube and go on to the output equipment. 
This control pulse will also set FF 2 to its 1 powition and therefore 
open doth of ite gate tubes. Clock pulses will pass through the lower 
gate as long as it is open. These pulses are used for test purposes ac 
will be described shortly. The next information pulse to arrive after the 
control pulse will pass through the upper gate tube connected to the second 
flip-flop and go on to the decoding setup. It will aleo simt off FF 2 
(4.e., set it to 0). 

This system thus allows @ single pair of mmllees carrying infor- 
mation about the shaft position to pass through it only at the command of 
the pulses from the blocking oscillator (or some other asynchronous source 
of command pulses). It is similar to systems that might be used in com 
puters which would send pulses to a counter only when reading @ shaft 
position, leaving the counter free for other uses at other times, 

The lower gate tube attached to FF 2 is very convenient for test 
purposes. Note that FF 2 turns on at the command of the control pulee and 
off at the command of the information pulse and therefore can serve as the. 


flip-flop shown in Figure 2 which is used to gate the pulses going to the 


counter. he extra gate tube ie used for this purpose and gates the L me 
pulses coming from the clock; it serves as the gate tube shown in Figure 2. 

In the results described below, the number for a given position 
of the shaft was obtained by actually counting on an oscilloscope the waits 
ber of clock pulses passing through this gate tube. The oscilloscope was 
synchronized with the control pulses anc the cathode ray tube had sufficient 
persistence so that even when the informatio: was being cazpled st saat 
button rates the pulses could be seen and counted. Marker pulses occurring 
every ten and every one hundred clock pulses were also presented on the 
oscilloscope to facilitate counting. These pulses were derived from the 
1000 to 1 divider chain. Figure lia shows 10 pulses which would set a 
counter to the binary nuater 1010. The marker pulees are also shown. 
This method of counting pulees eliminated the need for setting up a 10- 
stage binary counter. 

Figure 22 ie a picture of the test setup. 

2.52 Quantitative Results 
2.521 Sensitivity 

It was shown in Section 2.325 that the parameters used in this 
thesis should give sensitivity of 1/1000, and it {e found that this is 
the result. Figure 16 shows the position of the shaft for ter successive 
numbers of pulses. Mote that a change in the shaft position of about 0. 36 
degree will increase the number of pulses by one. Observing the count on 
the oscilloscope for a given position of the shaft showed that there was 
very little jitter, and that there was no tendency for the number of pulees 
to change (as long as the shaft was held fixed) even over periots of 


several hours. ‘ 


2.522 Accuracy 

As was oxpected, the accuracy of the system ‘s not equal to the 
sensitivity. It is within the limits set at the outset, namely the binary 
pulee-coded number will represent the actual position of the shaft to within 
1.0 degree, (i.e., the accuracy is 1/360 ase defined in Sectioz 2,123). 
Figure 17 shows the type of error curve obtained after a typical adjustment 
of the system. The angle of the shaft for every increase of 50 pal see 
was measured and compared with the angle calculated from the number of 
~ puleee by means of the linear relations 


@- ne. of quanes x 360 = shaft position in degrees. 


In Figure 17, the error is plotted as a function of the nurber of pulees. 
Note that at no time does the error exceed 1.0 degree, 
2.523 Adjustment of the Phase-Shifting Betworks 
The accuracy obtainable from this system is directly dependent 
upen the phase adjustments in the networks which perfore the single-to- 
three-phase conversion. The method of ad justnent requires some consideretion. 
The only simple method of adjusting these networks quickly and 
simply that we could develop is the eco-called spinning rotor method.’ In 
this method the rotor of the control—-transformer is continuously rotated 
at several rps (a small motor wae used for thie purpose), it can then 
be shown that when the eases phases are balanced, the output of the rotor 
will be constant in amplitude, but if there is any undalance in sither 


amplitude or phase, the rotor voltage will vary in amplitude as the shaft 


sm Ref. 5.» Pp. 495 


rotates. Thue the procedure is: With the rotor revolving, the rotor 


sutput te observed on an oscilloscope which is synchronised with the refer- 


* srce sinusoid. If there is an unbalanced condition, the result will be that 


shown in Figure 18>, tmt when the three phases are balanced, the amplitute 
| will be very nearly constant as in Figure 18a. 

The principle of thie method can be explained by mears of cys- 
retrical componente.” It te known that any set of three-phase voltages 
can be separated into three balanced components: the sero, positive and 
negative sequence components. If La Bo’ and om are the three line 
to-neutral voltages applied tc the stator, then the symmetrical components 


would be balanced three-phase voltages with amplitudes given by: 


B= 1/3 (fo +2. + tr. ; Fero sequence 


3, = 1/3 (3 + Bb Lz + Be L320) } positive sequence 


5, = 1/3 (3 + 3» {-120° + a. {[120") § negative sequence 


Aeaume for the purpoees of this analysis thatthe rotor is open eo that 
there is no armature reaction. It ie assumed that the windings are sino- 


soidally distributed, have equal impedances, and are placed 120 degrees 


apart (mechanically). The magnetic flux in the air gan will be proportional 


to the currents in the stator windings, and, since the windings are al) 
identical, proportional to the voltages applied to the stator. According 
to theee assumptions, tne rotating flux field in the air gap would have 


.. Ref. 23,, Chap. XI., especially Section 5 


* 


(1) 


(2) 


(3) 
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the usual form F 7 y_ein (6 = wt), if the three-phase voltages are balanced. 
If they are not balancec, however, there will be a positive-sequence flux 
fleld (7) which ia identical to F except in amplitute, and a negative 
sequence of the form F =F. ein (@ + wt) where Tig tf Proportional to 
Zin Equation (3) above. B_ is srall for a small unbalance and sero for 
nerfect balance, The field due to the negative sequence rotates in the 
opposite direction from that due to the positive sequence (but at the eare 
speed), and therefore. causes the amplitude of the flux to very as @ func- 
tion of the mechanical angle, That is, the negative sequence flux eids 
to the positive sequence flux in one part of the cycle and subtracts fros 
it at another. The negative sequence flux field adds vectorially to the 
positive sequence flux and so prevents the phase shift of the rotor signal 
from being a linear function of the shaft position. Thue when using the 
spinning rotor method, any variation in the amplitude of the rotor eignal 
as a function of @ will mean the three-phase voltages are undalanced, and 
therefore the phase shift of the rotor sinusoid will aot be «a linear func- 
tion of the shaft position. It might de noted that it ie poseidle thet the 
spinning rotor will give an indication of balance (mo wariation in amplitude) 
although there is a considerable undalance which by coincidence happens to 
make the negative sequence go to sero. Thies, however, could only occur 
with unequal amplitudes among the three voltages, and it ie easy to measure 
the three amplitudes to insure that they are equal. 

In the actual tests it was fount that another factor must de 
considered in the adjustment of the phases, and that is the harmonic content 


of the sinusoids applied to the stator. It can de shown that the eecond 


harmonic of a three-phase eixnal applied to a device with three windings 
euadis spaced about the ene aad produce a flux field which will rotate 
in the opvoeite direction from that produced by the fundaszental harmonic, 
ani at twice the frequency. This field will prevent the phase ahift froz 
being @ linear function of @ and will cause the wltage amplitude of the 
rotor output to wary as a function of the shaft positica, just as does 
the negative sequence component due to undalance. The effect of hmrmonics 
will therefore mask the effects of the negative sequence flux field caneed 
by an undalanced condition when using the spinning rotsr gsethod. Although 
every attempt was made to get the harmonic content of the stator woltages 
as low as possible by means of filters, there wae still esough second har- 
monic content so that it was mot possible to use *he spinning rotor method 
to balance the phases witbout placing a filter in the rotor circuits. 
Another low pass filter placed in ‘he rotor output (ase shown in Figure 7) 
apparently eliminated the effecte of the harmonics so that the spiasing 
rotor method could be used. Of course, the rotor filter is needed not 
only so that we could use the spimning rotor-fethod, but also so that the 
harmonics would mot affect the linear relation between the phase of the 
rotor position and the shaft position. As Pigure lfa show, it was pos— 
sible to get the amplitude of the rotor voltage practically constant as a 
functiom of shaft position. 

; In performing the accuracy tests the procedure was to (1) sake 
sure that the amplitudes of the three stator woltages were equal, and 
(2) to adjust R, and R, ia Figure 7 while spinning the rotor until the 


rotor output was constant. Since thie procedure results in errors less 


eS 


than 1.0 dugree, it was felt that this method cf aijustment was satisfac- 
—— both from the point of view of simplicity anc from the point of view 
f the results obtained. 

2.524 sature of the Errore 

The curves of error as a function of count (Figure 17) have a 
rather definite shape, and some attempts were made to correlate thie error 
with the preeence of either harmonics in the stator voltages of an undalanced 
condition in those voltages. However, there seems t6 be no sisple correle- 
tion with either of these factors. Actually, the exact shape of thir error 
curve is masked by three additional factors: 

(1) The output is quantized to the searest 0.36 degree. 

(2) The error in reading the protractor which indicated shaft 

position was probably about — 0.15 degree. 

(3) The synchro iteelf say have errors of the orter of ‘s 0.15 

degree. 
In other words, in getting errore of less than 1.0 degree we are probably 
entering the region where experimental inacturacies are accounting for @ 
large part of the error. 

Since no correlation between errors and poasible sources seemed 
obvious, and because the error is lese than the maxisus considered allow 
able, no further attempt was made to find the sources of the error, or to 
try to eliminate then, 

2.525 Stability 
In this section we are interested in whether the system will 


operate satisfactorily despite wariations in voltages, temperature, tine, 
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aging of tudes and so on. Ia general there are two types of instability 
tn a system of this nature; jitter, which seans that the binary nuzber 

’ for a given angle varies during a short period of time, and drift, which 
means that the number will change only after a long period of time (of the 
order of hours). It was found that the system was practically free of 
either type of difficulty. 

To check for jitter, the shaft was set st some angle and iafor- 
mation was read through the test setup (Section 2,51) at push-button rates 
to an oscilloscope. Each time the push button was operated, the sumber 
of pulses could be observed. In this way any jitter would show up. It 
was found that for a given shaft position the number of pulses remained 
constant each time the informatiom was read. There is one case where some 
jitter was noticed, and that was if the shaft was set at such « position 
that a clock pulse was going to the counter just ae the gate was turning 
off. The amplitude of thie last pulse wuld vary, which would sean the 
number to which a counter was set might wary by one. This type of jitter 
is to be expected unless the rise and fall 4 of the flip-flep gates 
is considerably improved. Anyway, this would introduce an uncertainty 
of only 0.36 degree which is within limite of accuracy of the systes. 
Other than this, the jitter problem did mot exist. 

In order to check for drift two different tests were made. First, 
fa accuracy run was made on one day immediately after the system had been 

“Qijusted. Then, three days later, after the setup had run about 16 hours, 
and had been shut down twice and turned “a: again, another accuracy run 


was made without adjusting anything. It was found that the sero suaber 


“5 


was still zero angle, and the accuracy was still better than 1.0 degrees. 
casgine curves in Figure 17. ; 

It wae noticed that during the first one-half hour after the 
equiphent is turned ‘on that the number of pulses for a given shaft posi- 
tion would change by as many as 5. This was principally due to « change 
in the zero position. Since the equipment settles down and ie wery stable 
after the first one-half hour, this warm-up drift is not considered serious. 

The second type of drift test was simply to set the shaft at a 
known position and measure the number of pulees. After some hours the 
number of pulses is measured again to see if there has been any change. 
This test has been repeated several times, each time running for 2 to § 
hours, and during none of these tests did the count change by more than 
one (equivalent to 0.36 degred) always excluding the warm-up period. 

A series of tests were made in which the change in sumber of 
pulses wae measured as a function of warious voltages while the shaft was 
held fixed, The following voltages in the clipper—peaker were varied 
a 5%: peaker plate voltage, peaker bias voltagé, screen voltages of each 
of the clipper etages, and the voltage amplitude of the gate from the gate 
generator (by warying the input potentiometer in. Figure 7). In no case 
did the number of pulses in the output change by more than one. In general 
if the voltages are held to = SH mo trouble with drift is expestet, Aging 
of tubes, which fe simulated by lower screen voltages, should not cause 
any trouble either. 

One other test was made in which the frequency of the clock was 


varied, and the nuaber of pulees measured for a given shaft position. 
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Ac 1s to be expected, since the stator frequercy is synchronized with the 
gia frequency, the number of pulses per degree remains the same over 
wide rangee of froquency, That is, the relative accuracy remains high. 
The frequency wae varied by 2% with no change in relative accuracy. 
There was, Kacanieine, @ change in the sctual binary-nuzber output for & gives 
shaft position which was due to a change ic the zero position. It appears 
that some of the components in the system have a phase ehift which is_ 
dependent on frequency, and this, as we have seen (Section 2.3232) will 
cause a change in the sere position. Even thie change wie spall, however, 
wetne such that a 1/46 change in frequency is needed to give a change ip 
the binary number of one out of 1000. This stability is probably sufficient 
in most cases, since even non-crystal controlled oscillators can be made 
stable to better than ‘ 1/48. If, however, better stability is required, 
then this change in zero position with frequency could probably be elisinated 
by redesign of the rotor filter network or other componente which may aleo 
give trouble of this nature. At any rate, this or’er of stability ie cos-— 
eidered sufficient for gost purposes. _J 
2.526 Tests Using Two Control Transformers 

In order to show that this system will work properly when the 
position of more than one shaft is to be geasured, the following test wae 
made: Two control transformers were operated with their stators te parallel. 
(The change in impedance levels due to the added loa! had ao effect on the 
sireuite, ) "The balancing adjustments were made by using the spinning rotor 
method on the second control-transformer, and then am accuracy test was 


made using the first one. The resulte are shown in Figure 19.- Note that 


va 
I 


Si 


the accuracy was. always better than 1.0 degree. This test proves that 
at least two control transformers can be operated with their stators in 
carsllel without requiring separate balancing adjustments for each one. 
Although this was only a two-unit test, there ie ao evidence that the sye- 
tem cannot be extended to a large number of units if provision is made to 
cupply the required power to drive that low impedance load. 

One other change was made before. this two-unit test was- performed. 
We noted in Section 2.4b] that placing a filter network directly in the 
rotor output tended to affect the stator waveforms due to luneesstien through 
the armature flux field. This distortion would prevent operating two unites 
in parallel since the cictortion fms one unit would affect the readings 
giver. by the other one in random fashion. In order to eliminate this effect 
a cathode follower was tuilt (ses Pigure 20) which acted as a buffer between 
the rotor and the filter network. Since the input impedance of the cathode 
follower ie high, no appreciable arvaataze current was drewn, and the stator 
voltages were unaffected. (The emall loss in gain through the cathode 
follower stage is unimportant. ) B 

Mote in Figure 20 also that the filter used after the cathotr 
follower is slightly different than that used previcuely in the retor cir- 
cuit (see Pigure 7). Thies filter seemed to give better results, probably 
because it eliminates second harmonics more effectively. . 

The exact procedure used in thir two-umit test wae tc put the 


cathode follower on the second control~transformer rotor, observe the c.f. 


output on an oscilloscope, and adjust the phases by use of the spinning 
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rutcr method, The cathode ful tuver wae ther shifted to the cther costrol- 
trsocforrer with the output of the cathode follower goins to the secon4 
*lipper=-peaker as usual. An accuracy checr was then sate. 


~ 
ce 


an 


3 Summary of the Hesul:u 
The syetem developed in thie thesis for converting shaft poritions 
tnt> tinary pulce-ccded aounbere hes the followin: cheracteristics: 
Sensitivity: 1/1000 of a revolution of the shaft. 
Accuracy: 1/760 of @ revolution. 
Time required to convert the largest sumber: 250 microseconts 
Reliability: excellent. Adjustments should not need attention 
oftener than once a week. 
Although the syetem is not ready for any specific ure, it can be adapted 
tc the needs of any system with very little further research. 
2.6 SUGGESTIONS POR FURTHER RESEARCH 
2.61 The Resolver Phase-Shifting Method? 
We have seen that one of the difficulties in the syster of con- - 
verting between shaft position and binary pulse-coded number described 
above is in adjusting the phase-shifting network so that the ‘three phases 
are properly balanced. There ie an alternate method which may de ueed in 
vbich the problem of generating and balancing three-phase voltages does 
not arise. This system will be described although uc work wae done on 


it as part of this thesis. 


1. Ref, Ser Pe 498 
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Ife synchro resolver (which is similar to the control-transformer 
‘et with @ twoephase stator) te connected az ‘{edticates tc Figure 21, it 
sen be shown that the cutput will be 

5 ut = E sin (ut + 6 + 45°) 
if R and C are choeen so that Bx = 1, (K ie a coretant, @ is the angular 
rhaft position.) ‘Thue the phase of the output shifte ac the shaft rotates 
even thoush there is co rotating flux field ia the mine, By using 
this syertem no three-phase voltages are required anywhere. 

The advantages of thie resolver systes could be: 

(1) simplified adjustment procedure. 

(2) etadility of adjustments over a long period of tine. 

The disedvantages of this system might be: 

(1) An adjustment (to make RQv = 1) is required for each ehaft 
to be measured, 

(2) Ho filter or phase-shifting adjustments can be placed ¢irectly 
in the output from the resolver. This means e buffer stage 
would be required, but = have seen that this may be true 
in any case, 

This resolver aystem should be tested and compered with the syetes 

using the control<-tramsformer before @ choice between the two methods ‘es made, 
2.62 Chanzcs in the Clipper—Peaker Circuit 
There are several aodifications that might be made in the clipper~ 
resker sircuit, which would simplify the ayetem. . 
2.621 Input Stages 
We have mentioned that placing a filter directly in the output of the 


rotor (of the control-transformer) may have two detrimental effecte: 


(1) It will introduce an unwanted phase-chift if the stator fre- 

quency changec, resulting in a chift in the sero position. 

(2) It acts ae @ loa’ on the rotor which then draws current. 

The rotor current reacts on the stator voltagese (through the 
arrature flux field), and this effect say prevent the psrallel- 
ing of coatrol-t ransformers, ; 

In Section 2,526 we tint that @ cathode follower between the 
rotor and the filter would eliminate the — of these effects. There 
is no reason, however, why this buffer stage could not be @ linear ampli- 
fier stage, which would still Lave the high impedance input, but would aleo 
amplify the rotor signal. This amplification would (1) iuprowe the effective 
ness of the clipping stages that follow, and (2) allow one to use « better 
filter between thie amplifier stage and the clipper—peaker since any loes 
in the filter would be compensated by this added amplification. Also, 
because of the isolation provided by the extra «tage, the filtering could 
be more easily adjusted ev that it oe not introduce any phase shift as « 
function of frequency. 

This additional stage could probably be added without increseing 
the number of tube envelopes required in a rotor output channel by making 
the first tube of the clipper-peaker a dual triode (esg., 2051). The first 
triode stage would be the buffer and would amplify the rotor simeoid 
linearly. Thie stage would be followed by a filter similar to thet ured 
in the cathode follower circuit (Figure 20), or a better filter if nsvleii. 
Then the signals would be clipped and amplified, (as they now are in the 
first clipper-peaker stage), using the other triode in the envelope for 


‘ 


thie purpose, The other clipper stage and the peaker would remain the 
oes 
2. £22 The Overehoot Problez 

It fc suggested that gore work be dome on the problem of elimzizat— 
ing the overshoot in the output of the second clipper stage (Vv, of Figure 3). 
The cryetal diodes used to eliminate the effecte of overshoot are effective 
tut have the dieadvantage of lowering the gain of the stage. An incresee 
in gain would increase reliability (although mo evidence was foun? of un- 
reliable operation). 

2.623 The Peaker Stage 

The peaker stage is entirely satisfactory, but it should be pointed 
out that because of the long delonisation times required by gae tubes, this 
type of peaker would not work well if the stator period (t.) te much shorter 
than 100 microseconds. For shorter periods than thie either a vacume tube 
or a crystal-gated RLC peaker! followed by a buffer amplifier would have 
to Le used. 

2.63 Higher Accuracy Systezc 

Even if the effects of harmonics and unbalance are elixinated, 
it is not likely that the accuracy obtained by use of @ single control 
*raneformer per shaft can be made greater than 1 part in 500. As we have 
mentioned before, it is necessary to use two-speed eyatens™ to obtain higher 
_ Sccuracy, For example, a shaft could be geared to the control-traneformer 


by a 100 to 1 ratio, so that the overall accuracy wuld become 1 part in 


le Ref, Te» P- 72 
2, Ref. 5., p. bk} and Ref, 2., pp. 1%22 
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3.0 CONVERSION OF BINARY PULSE-CODED 
NUMBERS INTO VOLTAGE AMPLITUDES 


3,1 REQUIREMENTS TO BE MET 

In the Introduction, it has been shown thet when a digital com 
puter is to be used as part of an information—processing system, devices 
are required at the output of the computer which convert binary pulse-— 
coded numbers into analog quantities. These devices are called decoders. 
In particular, we will here consider decoders which convert binazy numbers 
into voltage amplitudes, since voltage amplitudes are frequently ured ar 
commande for a controlled system, 

Cne of the reasons why digital comoutera are wsll suited for 
use in an information-processing system is that they can be made to have 
high accuracy, providing sufficiently great number length is used. But 
the accuracy of the computer is effectively lost if it is coupled to the 
rest of the witiin by conversion devices of low accuracy. While digital 
‘computers can be made tc have an accuracy of 1 part in 10,000, it is very 
difficult to obtain that same accuracy in a single decoder, and frequently 
such stringent demande do not have to be met. Considerable improvements 
in the performance characteristics of a given decoder can be realized by 
the use of a feedback system (a decoder of moderate accuracy in the feed- 
forward section and a coder of high accuracy in the feedback section), 
but it is nevertheless required that a decoder have an accuracy better than 
1 part in 100, 

In a complex information-processing system, there will be many 


channels which are to receive information from the computer. It would be 
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uneconogical to equip each channel with a complete decoder. Tne design 

>f the decoders must therefore be such that they say be shared, at least 
partly, by @s many of the controlled channels as possible. The decoder 
can then te ewitcned temporarily into that chansel which is to receive the 
{netactaneous output of the computer. The switching process is highly 
practical, since the computer can furnish information to only one channe] 
at atime. For this reason, the computer will supply information to any 
one channel in the system not continuouely, but at irreguler interwale, 

it is cherefote required that @ cecoder mmintain the given information 
until new information is furniehed. This requirement makee it clear that 
enly @ part of a decoder can be shared by several channels in the ayster; 
zome other part of the decoder must be unique to @ single information channel, 
eo that a given channel may retain the previous input while the others 

are supplied new information. The “holding” requirement is further com 
plicated by the fact that the computer will furnish information st irregular 
interwale, the length of the intervals being determined by the complexity 
of the calculations which the computer is carrying out. Before new infor- 
mation ia furnished to any given channel, that channel suet be prepared to 
accept it. This preparation coule Se done by senting to the cecofer a 
relisinary signal shortly before the new Sabine fe supplied. But 
such @ procedure pute am additional burden on the programming of the com 
puter and should de avoided. Instead, the decoder gust te able to accept 
: {aformation at any time. 

Since one of the main purposes in employing @ modern computer 


in an information=processing system is the attainment of high speede of 


x 


4 
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yperatton, it ts surely required that the associated decoders as well asc 
the cssputer swewnue rapidly. But, because there are a cumber of channels 
wich are to be controlled by the computer and, consequently, each channel 
receives information at a rate smaller than the operating speed of the com 
cuter, it is, in general, not required that the decoding process be carried 
ut in the interval between successive solutions obtained by the computer. 
Rather, the maximum decoding time is limited by the sinfsuzs tise interval 
tetween successive pieces of information supplied to a given channel, ‘f the 
resulting time laz can be tolerated by the rest of the controiled ay ston, 
Tras system as well as computer characterietice enter into the determination 
of the saxisum permissible decoding time. Towever, the characteristics 
of the decoder gust be such that it can accept informatics from the com 
puter in lers time than is required by the computer to arrive at two succes- 
sivs recults. Ir this were sot true, the operation of the computer would 
be slowed down by the decoding process. The speed requirezert* placed on 
decoders are then as follows: 

(1) The decoder must accept information very rapidly. This require 

ment js governed by the operating speed of the computer. 


(2) That part of the decoder which is to be shared by several 


channels should operate at the highest possible speed, so 

that ite use may be shared by the incite mumder of chanmelr. 
(3) That part of the decoder which is unique to a single channel 

need not necessarily operate at a speed greater than the 

rate at which iaformation is eupplied to that channel. 
Reliability and stability requirements are affected by the obvious 


demand that the calibration of the decoder be constant over the longest 


s 
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poesible neriocs of tine: The potential reliability of a decoder can be 
zauget by the nunber of vacuum tubes used in the design, since vacuum tubes 
ere the largest gingle source of faiiures in slectronmic circuits. RHRelia- 
bility ie thee intimately connected.with cisplicity of desigz. 

Practical considerations demand that the decoder be insensitive 
to small variations in supply voltages. In view of the accuracy demauis, 
thie requirement is hard to fulfiil. It mmy well be that the characteris- 
tics of the dacoder demand good reguletion of some of the eupply rwoltages, 
but the number of closely regulated sources should be kept to a siuimusz, 
32 RISTORY C? THE PROBLEM” 

3.21 The Shannoao-Rack Decoder 

The need for conversion of dDinary aumbere to voltage auplitudes 
te not unique to the application of digital computers to information- 
proceceing systems, but is aleo encountered in pulse-code modulation, where 
samples of the transmitted signal appear a: the receiver in the fore of 
binary-—coded pulee groups. Thus the process of demodulation in pulee-—code- 
modulation ie one of converting binary-coded pulse groups, which may be 
considered to represent binary numbers, into voltage amplitudes. 

Workers in the field of pulee-code mdulation have developed 
vovernk “sthenen diy Rousing: Wi: U. Geebdli®, ©; G Sennen?) 4. 5: tend, 
asi A. #H, Reeves? have designed systems to perfors the conversion of dimary 


numbers to woltage amplitudes. Most promising among these is the decoder 


* Por a more complete description of previous work in the field, see Ref. &. 
l. Ref. 25 

2. Ref. 2% Y 

2, Ref. 27 


eugzested by Dr. Shannon and modified by A. J. Rack. in the operation of 
thie decoder, pulsee representing the binary nupber arrive at the input 
to the decoder sertally in time, spaced apart by an amount toe Each pulee 
turns on & constant—current scurce for e fixed time interval and thereby 
deposits ean equal amount of charge Q on a condemeer, which, in parallel 
with @ resistor, ise connected to the constant-—current source. The time 
constant of the R-C circuit ts eo arranged that during each time interval 
t the charge on the condenser, and hence the voltage across it, decay ho 
one balf of the original value. Assume that the nusber to be decoded con- 
tains 20 more than five binary uigitse. The digit 1 is represented by the 
presence of @ pulee and the digit O by the sbeence of @ pules. The 2°. 
Aigit pulee arrives first, the 2)digit pulse second, etc. At the end of 
* five intervals to the first pulse in the train will have contributed 
Q/32 units of charge to the condenser, the second Q/16, the third @/S, 
the fourth Q/&4, and the fifth Q/2. Since the ayetem ie linear, the con 
tributions of the individual pulees add, so that the woltage on the con- 
denser at the end of the fifth interval is directly proportional to the 
number to be decoded, 

This is certainly a sizple ané effective way of decoding and 
has been successfully employed in the Bell Telephone Laboratories’ pulse 
code modulation systez. But the Shannon-Rack decoder dens mot contain 
any feature for maintaining the output constant during the interval between 
“decoding operations. While storage of the output woltage of the decoder 
can be accomplished by an additional conmfenser, this method of storage is 


not satisfactory in applications where the time interval between successive 


y 
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Jecoding operations may be long. The accuracy of the Shannon-Racz decoder 
quite good (accuracy of 1 part in 128 has been accomplishec), but it 
-annot be extended indefinitely since it is limited by the uniformity with 

which charges can be deposited on the condexser in the B-C network. 

The Shannon-Hack decoder can te shared by cewereal channels only 
4, switching ite final output to the desired channel. Switching of vwolt- 
ase amplitudes without loss of accuracy is a difficult task, and the need 
for it represente a disadwantage of ‘he decoder. Finally, it should re 
noted that the operation of the Shannon-Hack deccder demands that the pulses 
of the binary number to be decoded arrive serially in time. For this 
reason, the device cannot be used directly in those applications where 
carallel tranemiesion of digite ({.e., the tranemiesion of all digite 
simultaneously over & set of seperate lines, one for each digit) muct be 
carried out. 

%.22 Binary-Weighted Decoders 

Other decoders have been developed which contain the "holé4ing" 
feature. Prominent among these is unit developeé“ty J. 0. Bly for 
Project Woirlwind,* 

This decoder operates on the following primaciple. Each pulee 
representing a binary digit causes dbuahesitn-wantent sources weighted in 
accordance with the value of the digit to send curreat through &® common 
load resistor. Thus the 2°ndigit pulse causes 1 unit of current to flow 


through the load resistor, the 2 digit pulses causes 2 unite of current 


i, Refs. 26 and 29 
Sf 


to fipw through the load resistcr, etc. The vs.lteze across. the common 
lead rasistor ie proporticnal to the number to be 2ecoded, 

The disadvantage of Ely's decoder lies in the fact thet a com 
plete decoder hes to be provide? for each output channel. Since each unit 
requiree @ considerable number of tubes, thie particvler decoder, although 
accurate and reliable, is not suited fcr an anplication where many slomente 
in the systec= share the output of the computer. (The design of thie decoder 
was not intended for use at the output of the Computer, but rather es a 
sefiucticnookinge senerator for the electrostatic storage tutee which the 
Whirlwind computer uses. ) 

3.23 Sard's Decoder 

A decoder which allows sharing of part of the unit by several 
channels has deqn developed by 3. W. sart.? According to this deeicn, 
decoding proceeds in three ateps: First, the Dinary mumber is converted 
into a pair of pulses, the time interval between which is proportional 
to the binary number to be decnded, Second, the first and second pulse 
of this pair determine the beginning and end, respectively, of a rectan- 
gular voltage waveform. Third, thie waveform is linearly integrate. 

The output of the integrator is directly proportional to the dDinary susber 
to be decoded: Because the method of decoding developed by Sard is basic 
to the operation of the decoder described in this thesie, the operation 


of Sard's decoder will be discussed in some detail. 


aT 
" The first step of the decoding process ts performed by = binary 
ccunter. While the binary counter actually used by Sar’ ic somevbat differ- 
ert from the oae chown in Ficure 1, that figure can still be used to ex- 
clain the principle by which a binary nunbder can be converted into a pair 
of pulses, the time interval between which is proportional tc the binary 
number tc be decoded, Consider Pigure 1 and assume that the counter has 
only four stages, as shown, With the counter originally cleared, it -will 
then sake 16 muleee at the input line in orter to get an output pulee from 
oTk, If, however, the counter is not initially cleared bef-re wlines ats 
admitted to the input line, the suzber of input puleee required to obtain 
an output from OT4 will be lees than 16. In general, the nusber of pulses 


necessary to obtain an output pulse fros GT4 ts 16 disinished by the susber 


The first pulse of the desired pair is the initial pulee applied 
to the input of the counter, aad the second pulee is the output of STL, 
providing the counter has been preset in euch a manner that the output 
pulse of the counter occurs at the ‘prover inetant, i.c., the time interval 
between the initial pulee and the output pulse ie directly proportional 
to the number te be decoded. 

How shall the counter be preset? Since the input pulees to the 
counter are of fixed repetition rate, there is a direct proportionality 
_ between the maber of pulees required to obtain an output from the counter 
and the tise interwal between initiation of counting and the appearance 
of the output pulee from OT4. The counter must therefore be preset in 


such @ ganner that the mumber of pulses required to obtain an output pulee 
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will be equal to the Buber to be decoded. The correct relationship 
«tween the number to be cecoded and the number to which the counter is to 
be preset is 

16 + (number for preeetting) = nupber to be decoded 
Ty sueber for presettiag = 16 - muster to be decoded, 
which is in binary notation 

number for presetting = 10000 ~ mumber to be decoted 

or, number for presetting = 1 + (a - number to be decoded) (3.2) 
The cumber in parenthesis is the nines complement cf the cusber to be decade’. 
Since in the binary system the sines complement of a cusber is found by 
replacing every 1 by a O and every 0 by al, it is very easy to find the 
nines complement by electronic means. One serely puts pulses in those 
digit columne where there are none, anf removes pulses frou thoee digit 
columne which have them. For thie reason, i: ie convenient te preset the 
counter to the nines complement of the mumber to be decoded, althcugh 


Eq. 3.1 dces mot apply strictly. For the case when the counter ie preset 


pulse from the counter, 
The procedure for carrying out the firet stem of the conversion 
ic thue clear, A binary counter, rreset to the nines complement of the 


.aumber to be decoded, is supplied constant-frequency pulses. The firet 


* The nines complement of a munber ic that number which when added to the 
riven number ylelde a "nine" in all digit columns, where nine ie inter- 
preted a: the greatest digit possible in the ausber base used. In the 
binary system, 1 ie the greatest possible dicit. 


‘ 
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eulre admitted is the first ovules of the desired pair, and the output of 
tha counter, commonly called the counter end-carry, is the ceconé mlee of 
the desired pair. 

The second step of the decoding process ie very simple. The 
firet pulee admitted to the counter is used to trigger the leading etge 
of the rectangular waveform, anid the counter ent-carry te used tc trigger 
the trailing edge of the rectangular wnvefcra. 

The final step °% the conversion ccneiste of linear integration : 
ef the rectangular waveform, "0 that the output of the integrator will 
be ¢irectly proportional to the binary sumber to be decoded. Truly linear 
integration is required, and while this is by itself a etringert tenant, 
the operation of the integrator is even more complicated by the demand 
that the integrator hold the output until a new susber is to be decoted. 

Thie leet step proved to be the weak part of Sard's decoder ant 
meacurements indicated that the accuracy of the Aecoder was only = ot. 
Clearly, an alternative way for converting a pair of pulees, the time inter— 
yal between which is proportional to the binary mumber to be decoded, has 
to be found, if the advantage of time-sharing, inherent in a decoder of the 
counting tyne, ie te be realised. Ia thie thesie, euch a method ic “escribed. 
3.3 THE DECODER INVESTIGATED IN THIS THBSIS 

3.31 The Complete Systex 

The complete decoder propoee’ in thie thesis, shown in the block 

diagram of Figure 23, is am extension of previouc work on decodere of the 


counting type. It may be considered to consist of two parte, a binary counter* 


1. Ref. au f 
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au. the so-called conwereion device, which will be deecribed in detail 

1 the following sections. The purpose of the counter is to convert the 
binary number to te lecoded into @ pair cf pulces, the time izterwal between 
«nich 1s proportional to the number to be decoded, The manner ir which 

this can be done hae deen discussee’ in the previous section. It is the 
function of the conversion device to changes the pair of pulses which arrives 
at its input to a volte;s amplitude. which is directly propsrtional to the 
binary sumber to be decoded. The entire decoding procese thus coneists” = 
of Ses steps: the conversion of a binary nuabder into a pulee-poc! tion- 
modulated signal and the conversica of a pulse-poeitios-moduln'e! signal 
isto a voltage axzplitude,. 

In the operation of the system, the computer furnishes, in addi- 
tion to the aines complement of the oumber to de decoded and a control 
pulee which starte the counting action, control pulees to the switch. 

Since the cutput of the computer is to be shared by many channele, the 
computer must furnish signals which will, at the decired inetant, cauce the 
proper channel to receive the information from the computer. This selec- 
tion of channels is here carried out by the switch, which {s eet in accon- 
ence with the sentrea signale coming into the ewitch on the line shown 

at the lower left of Pigure 23. The ewitch connecte the selected channel 
to both the counter—end-carry line and the stert—count line. 

A complete decoding operation will-them consist of the following 
series of steps: 


(1) The computer sets the switch, thereby connecting one of the 


2 came to the counter-end—carry and start—count lines. 


15 


,(2) The commater presete the binery counter to the nine. comple- 
ment of the uumber to be decoded. 
(=) The computer sends out the start—count pulee, thereby 
(a) eemding on* oulee tc the selected channel 
(bd) initiating the cousating action. 

(4) Upom the arriwal of the start-count pulse, pulses frog the 
fixed=frequency pulse generator are sdmitted to the ioany 
counter. 

(5) after a sumer of pulses equal to 1+ the binary sumber to 
be decoded have beec received {roc *he pulee gener@ior, * 
tounter-and-carry pulee appears at the output of the counter, 
We will call the counter-end-—carry pulse the INFORMATION 
PULSZ,: since its position in time, with respect to the etart— 
count pulse, is directly related to the binary aumbder to 
be decoded. We will call the eta@rt-—count pulse the CONTROL 
PULSE, 

(6) The information pulee enters the comversion device in the 
selected channel. 

(7) The selected conversion device produces an output voltage 
which is proportional to the binary munber to be decoded. 
The decoding process is e. completed. 

It is noted in Pigure 2% that only one binary counter is needed 

and that its output, the information pulee, ie shared by the = channels. 
Therefore, the binary counter is that part of the decoder which ie made 


common to several channels. The decoder here described thus meets the 
Y 


4 
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reguisouent’ that part of the unit is tc be chared by several of the output 
-hennels. The sumber of channels which can be connected to the same couster 
lepends upon the iuterval between successive readings to @ single channel, 
The sore frequently loformation is to te furnishc! to a single chancel, 

‘he emaller will be the total number of channele which can be connected 

to the counter. 

Without consideriag a particular appiication, one cannot say what 
the interval between successive readings toa single chamel will be. Bow 
ever, in order to give some indication of possible conditions, we will 
here arbitrarily assume that each channel is to receive information 50 
times per second, and on that basis establish the number of channels to 
which a single binary counter may be connected. 

4 dDinary counter emplcying the basic electronic circuits used 
in the Whirlwind computer cam be operated at a pulse repetition rate of 
several million per second. A conservative figure and one wi'ch results 
in unquestionably reliable operation is two milliom per second. if it is 
desired tc convert an eight-digit binary cumber into the corresponding 
pair of pulees, it will them require, in case of the maxigum posrible 
number (255), 

(255 x x) + } = 128 microseconis 
to obtain the desired pair of pulees. (See Bq. 3.1.) If 50 euch conver 
sions per second are to be made for each channel, then each channel will 
de connected to the couster for 

50 x 128 = 6400 microseconds 


out of each second. Thus we see that unfier the given conditions, and making 
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allowance for the time required t2 clear the switch and other control 
operations, approximately 150 channele may be connected to the sage coucter. 

Thie is a very high figure, and perhaps greater thas would be 
encountered in any practical case, If there really were 150 <ifferent 
output channels and each hat to be furnished information 50 times per second, 
the computer would have to arrive at 7,500 soluticns per second, @# figure 
larger than is presently anticipated. . However, the above example coee 
serve to point out that in @ controllec systez the propoeed method of de- 
coding is thoroughly practical, since the need for only one binary counter 
exists. Indeed, its use may probably be shared by all the input channels 
as well ae all the output channels. 

The decoding system described here demands that the switch connect 
the control pulse and the information pulee to the selected channel. This 
is an easy tae® to accomplish, siace the ewitch is called upon to hanéle 
only pulses of fixed amplitu‘e. A crystal-matrixz ewitch of the type used 
in the Whirlwind computer is very well suited for thie application and 
can be expected to give fully satisfactory performasce.! It should be 
noted that the need for @ switch does not introduce any additional equip- 
ment, since any wien would require that the output of the computer be 
distributed in some mamner to the variour output channels. The manner of 
distribution here chosen (in which only pulees are evitched) is the mort 


favorable one known, 


1. Refs. 20, 31, and 32 
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' It has already been sentioned that the tisary counter anf the 
cryetal—matrix switch required in this method of decoding are well known 
and have been designed and constructed as parte of the Whirlwind computer. 
No purpose would therefore be served in incorporating their design in this 
thesis investigation. The isvestigation has therefore been restricted to 
the design, construction, an¢ testing of the so-callec conversice device, 
i.e., the part of the decoder which couverts pairs of pulees Sato the 
corresponding voltage amplitudes. Thr followiag sections wil! diacrite * 
novel conversion device, its design, ant its cheracterictices. 
3.32 The Conversion Device 
3.321 Functional Description 

In the discussion of desired characteristics of decoders to be 
used in an inforwatiomprocessing syster, it bas deer shown that a decoder 
is required to maintain the given information in the interval between 
successive readings to the particular channel in which the decoder ie lo- 
cated. In the method of decoding proposed in thie theeis, the "holéing® 
action muet therefore be incorporated in the eo-called conversion device, 
since the binary counter gust be free to operate is confunction with all 
of the n conversion devices. The function of the Comversion tevice is 
thus twofold: conversion of a pair of pulces into a voltage amplitude, 
and "holding" of that axzplitude for periods of tine perhaps as long as 
one second, 

The “holding” action is the harfer one to accomplish. It isc 
particularly troublesome when the actual amplitude of the fesired woitage 
is set up only for a short lastant and then impreesed on a etorage device 


such as @ condenser. Condenser leakage causes a drop in stored charge, 


‘ 
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thus introcucing errore, If it is deecitred to change the stored charge 
after a new decoding process, the removal of the previously etored charge 
is a tizre-constming ;rocees. One may think of this method of "holding" 
of information as storage in the voltage domain. 

Ic order to avoi¢ difficulties euch as the ones mentioned above, 
the conversion cevice derccribed here does not attesnt to keep the final 
cutput voltage constant by Jirect means, but ra*her by tadirect ones. 

It may be considered to achieve the "holding" feature in the time iditiés 
This appears to be a more suitable approach to the “"hol¢éing® probler, since 
electronic circuits can accurately control and reliably maistain tiring. 

Previous diecassion bas shown ‘>at at the izw:t of @ conversion 
device there will be a single pair of pulses for each reading operation 
to that channel. "Holding" ie here aceomplished by regenerating thie single 
pair of pulses indefinitely. How thie ie achieved is shown in th= block 
diagram of the conversion device, Figure 24, 

Disregard for the moment the clear lines and delay elements 1 
and 2 (DE 1 end DB 2). The coatro) pulse enters deley clement 3, where 
it emerges a time interval T jater. It 4c then returne’ to the input of 
DE 7 and aleo tricrere the gate generator. The gate generatcr is so arranged 
that an output from DE 3 causes the lentiiing or preitivegoing eige of the 
gate output to be genere*ed. Since the first output of DE * war alec fed 
back to the input of DB 3, another pulee emerges at the output of DE 7 
4 seconds later and will keep emerging from DE 3 after every T seconds, 
The initial control pulee is thus being kept "cireulating* in DB 3. Every 


time there is an output from DE 3, the gate generator i- triggered, 


if 
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Some time afte> the control pulse, an inf@rmation rulse apresre 
at the output af the binary cu-ter. It entere delay element &, where it 
emerges a ‘ize interval Ty later. At that inectant, it ite immediately fed 
back to the input of DE 4, where it is kept "circuleting” lc the ceme manner 
in which the control pulse is kept “circulaticg* is TE *. Whenever the 
pulse emers*- irce DE 4, it triggers the gatc gererator, c@isicg the 
trailing or acgative-soiu, edge of the gate outrut to be generated. The 


delay T, gust ** greater than the longeet possible tige interval betwer. 


1 
the tacrring Sesitue aod information pulses. 

There is only one pair of palees fed fron the counter <2 ihe 
Conversion levice, but we see at once how, through the action of DE 3 an? 
DE 4, a series of pairs cf pulses ie generated and hence a series of gates 
the length of which is prope rtional to the binary pumber to be decoded. 

The holding action is thus accomplished, an‘ it remains only for the 
integrating network to remove the average value of the series of gates 
generated in order to obtein a voltage amplitufe which {2 proportional 

to the binary aumber to be decoded. (it should de kept in mind that the 
voltage amplitude of the gatec is fixed, and only their length varies with 
the number to be decoded. Thus the average voltage of the waveform carries 
the information. ) . 

The purpose of delay elements 1 and 2 and the "clear* limes will 
now be explained. It has been shown that both the control pulee an‘ the 
information pulee are kept ““ircalsting” in their remnective delay elementr 
indefinitely. COcnsequeatly, when a conversion device ise supplied with a 


new pair of pulses from the switch, confusion between the old pulses and 
Jf 


a 


the new ones would result, unless the old pulses are sage to disappear. 

" & pulse is therefore required which will clear DE 3} amd DE’. Since it 

is desired not to burden the computer with the demand that a separate clear 
pulse be supplied before the new binary nusber is read out from the com 
puter, the control pulse is used to carry out the clearing operation. 
After DE 3 and DE 4 are cleared, there has to be a short time interwal 
before new pulees are sent to DE 3 and DE 4. DE 1 and DE 2 provice thie 
"waiting" period by delaying both the control pulse and the information | 
pulee before they enter DEB 3 and DE 4, respectively. For purposes of 
explanation, we will here assume that DE 1 and DE 2 are set for exactly 
equal delays, so that the time relationship between the control and infor- 
mation pulses is not destroyed. More will be said about setting DE 1 and 
DE 2 in Section 3. 3224. 

The complete operation of the conversion device can now be 
described on the basis of Figure 25. This figure shows the time relation- 
ship between pulses in the conversion device, following the arrival of a 
control pulee from the computer. The control pulse first cleare DE *% ani 
DE 4, then enters DE 1 where it emerges 7 seconde later. At time T, the 
information pulee arrives, and in order to maintain ite time relationship 
with respect to the control pulee, the information wane ie aleo delayed 
a time interval 7, before it enters DE 4. DE 3 and DE & are adjusted to 
furnish exactly equal delays ‘> where t ie greater than the longest 
possible interval between a control pulee and an information pulee. The 
"circulating" action of DE 3 and DB 4 resulte in the serier of pulses at 
the output of DE 3 and DE 4, and hence in the series of gates formed at the 


output of the gate generator. 
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The success of this method of decoding depends on the accuracy 

with which the delays in DE 3 and DE 4 can be mate equal. If these two 
delays are not exactly equal, then the time relationship between the 
"circulating" pulses will be distorted from that which existed between the 
original control and information pulses. The core of the problem is then 
the achievement of identical delays 7 in DB 3 and DE 4, and the design 
of these units mist be carried out with great care. 

The method of attack for the design of DE § ant DE 4 must, of 
course, be based on the length of the delays which these circuits are re- 
quired to furnish. The required delays are dependent on the over-all 
specifications which the decoder has to meet. Theee, in turn, are deter- 

‘ mined by the particular application at hand. Since this thesis investigs- 
tion was not intended to serve only a particular case, general requirements 
were drawn up, with the aim of making them sufficiently etringent to satiefy 
many of the actual situations which may be encountered. 

First, it was decided that the decoder designed here shall decode © 
Dinary numbers ranging in magnitude from 0 to 255. ‘Thie determines at 
once the required accuracy as 1 part in 256. 

In order to simulate conservative operation, it was decided that 
the counter shall operate at @ pulse-repetition rate of 2 million per second. 
Previous discussion has shown that under these conditions of operation, ™ 
the information pulse will arrive 128 microseconds after the control pulse 
when the maximum number (255) ie to de decoded. It is then seen that DE 7 


and DEB 4 mst furnish delays somewhat greater than 128 microseconis. 


Accurate and stable delays can be achieved most readily by delay 
lines. However, these ass can furnish delays no longer than about 10 
microseconds, while approximately 130 microseconds of delay are here re- 
quired. One could achieve this long delay by a cascaded arrangement of 
delay lines interconnected by pulse-shaping and amplifying stages. But 
such an arrangement would require a prohibitively large susber of wecuuz 
tubes. The use of delay lines must therefore be ruled out ae-m possible | 
method of attack for this design. 

Another excellent way of obtaining delays is by the use of acoue- 
tic delay elements such as mercury delay lines. When properly controlled, 
they could fulfill the requirements of this design very well. But their 
high cost and the relative complexity of the necessary control equipment 
make their use undesirable in this investigation. 

The only other method of obtaining the required delays by simple 
and well-known means is through the use of trigger circuite employing 
vacuum tubes. Here the inherent accuracy of the delays is not as high as 
in the previously mentioned components.-’ The design problem consists of 
surmounting this difficulty and developing trigger circuite which are 
sufficiently accurate for use in DB 3 and DB 4, 

Monostable multivibratore are here used as the basic parte of 
DE 3 and DE 4. It has been shown that, in order to obtain the "holding® 
feature in the time domain, the outpute of DE 3 and DE & must be fed back 
to their respective inputs. Since the output of a mitivibrator cannot 
be used directly to trigger the same mitivibrator, it becomes apparent 


that DEB 3 and DE 4 cannot be made up of a single monmostabdle miltivibrator. 
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Instead, this design uses a cascaded arrangement of two multivibretors 
for each of these two delay elements. In each of these, the first multi- 
vibrator triggers the second and the second, in addition to triggering 
the gate generator, also triggers the first sultivibrator. The block 
schematic of the conversion device, shown in Figure 26, is thus evolved, 


with multivibrators 1 and 2 making up DE 3 and sultivibratore 3 and 4 


Baking up DE 4, 


It has already been shown that the time delays in DE 3} and DE & 
must be exactly equal. This demand cannot de met by simple monostable 
multivibdrators, since there is known to be some jitter, i.e., wariations 
in the length of time during which the normally-on tube is cut off, ins 
the operation of these circuite. For that reason, provision is made to 
synchronize the multivibrators with pulees of fixed repetition rate. 
Figure 26 shows that 2 mc clock pulses, amplified by the trigger tube (3), 
are used for synchronization. 

It is the function of the blocking oscillator to generate, in 
response to the control pulse, a clear ,pulee which returns all of the multi- 
vibrators to the normal condition. The choice of a blocking oscillator 
as a source for the clear pulse will be discussed later on. The purpose 
of the gate generator (V9 and Vl0) and the integrator (ThA) fe evident 
from the previous discussion, . 

The remaining parts of the block echematic of the conversion 
device are gate-and—delay units used here to form DB 1 ani DE 2. As 


mentioned in an earlier part of this paper, a gate-ani-delay unit is one 
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of the test-equipment panels designed and constructed by Project Wai riwind.* 
‘ The unit provides an output pulse delayed in time up to several thousand 
microseconds with respect to the input pulse. 

The physical form of the conversion device is shown in Figure 27, 
which is a photograph of the conversion device and the test equipment used 
in its operation. The two top panels sake up the conversion device. The 
gate generator and integrator are constructed on the upper panel; the lower 
panel consists of delay elements 3 and 4 and the associated circuitry. . 
The construction of the conversion devices follows the principles used 
throughout the Whirlwind computer: vwacunm tubes, power connectors, ant 
jacks for interconnections between units are mounted on one side of the 
aluminum panel, and circuit components are mounted on the other side with 
the aid of phenolic terminal boards. The photograph shows the component 
side of the senteuvdhi device. The test equipment used will be Ldentifies 
in Section 3.323, where a method of adjusting the multivibratore ie described. 

This section has been intended as a functional description of the ; 
conversion device. In the following sections, @ more detailed description 
will be given and the design features will be discussed. 

3.322 Circuit Designs 
3.3221 The Multivibrators 

In the design of the multivibrators, great care must be taken 
to achieve the most stable and jitter-free operation possible, for the 
waccess of this method of decoding depends more on the accuracy with which 
DE 3 and DE 4 can be made equal and constant than on any other single 


design factor. 
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Monostable multivibratore are well known? For that reason, 
their basic principle of operation will not be described here. Instead, 
discussion will be limited to those considerations which led to the parti- 
cular multivibrator circuits shown in Figure 28. Since all miltivibratorse 
are nearly alike, only one of them, multivibrator 1, will be described 
in detail. The points in which the multivibrators differ will also be 
discussed. 

Recent literature! describes mens of the practical ‘nities 
which lead to well-designed multivibrators. As in most trigger circuits, 
the choice of a tube to be used is guided by the realisation that, in order 
to achieve rapid rise times, loading capacitances must be kept to a mini- 
mum and should be charged or discharged in the least possible time. This 
consideration requires the use of tubes with sharp cut-off characteristics, 
high current-carrying auatiers large traneconductance, and low input and 
output capacitances. For these reasons, type 5687 tubes were here used. 
These are dual triodes of miniature construction. Pentodes are actually 
better suited for the generation of fast waveforns because of emalier input 
capacitances. However, pentodes require snitinntitede supplies and were 
not used here to eliminate the need for an additional voltage source. 

The dasic form of monostabdle multivibrator chosen is the most 
Common one known. VIB is the normally-on tube and V1A the normally-off 
tude. The timing resistor (made up of the series arrangement of two 


1 megohm resistors and a 25,000 ohm potentiometer) is returned to plate-supply 


1. Ref. 5.» pp. 159-195 
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potential in,order to have the greatest possible slope of the timing 
exponential at the instant when V1B conducts again. The larger the slope 
of the timing exponential when VIB is about to resume conduction, the m pe 
nearly fixed will be the instant of switchower in conduction from VIA to 
V1B, and the greater will be the stability of the delay interval. 

The R-C timing network is made up of a relatively low capacitance 
anc a high resistance. These parameters were chosen to achieye good re- 
covery time. After the delay period is over, the timing capacitor ietebaie 
through the load resistance in the plate circuit of VlA and the clamping - 
diode. Thus, to shorten the recovery time, the size of the timing capacitor 
and the plate-load resistor of VlA should be minimised. The time constant 
of the timing network is fixed by the amount of required delay (in thie 
case, approximately 70,microseconds for each multivibrator, so that is 
140 microseconds). With the small timing capacitor here used, a large 
timing resistor must therefore be used (over 2 megohms). 

Considerations of recovery time have alrealy shown that the plate-. 
load resistor of V1A should be small. But in order to have the maximus 
possible slope of the timing exponential when the change of state froe 
VlA conducting to V1B conducting occurs, it would be desirable to have 
a large drop in the plate-load resistor of VlA. This would call for a 
large plate-load resistor, thus contradicting Se Oe daced 
on good recovery time. A compromise sane has to be made, and 6, 300 
clint was chosen as the value of the plate-load resistor for tube Vis, 

Tne plate-load resistor of VIB, howewer, is not limited by the 


requirement for a large voltage swing at the plate of VY1B. The voltage 
/ 


swing at that,point must merely trigger multivibrator 2, and the plate- 

load resistor may therefore be small, thus resulting in a steep wavefors 

at the plate of V1B. This is highly desirable for triggering multivibdrator 2, 
The lower limit of the walue of the plate-load resistor of VIE ie thus 

only limited by the maximsuz allowable plate dissipation of the tube. A 

3,100 ohm resistor was therefore used, 

Self-bias, provided by the cathode resistor, was chosen here in 
preference to a fixed bias in order to decrease the sensitivity of the . 
circuit to changes in operating conditions. The cathode bias will counter- 
act emall changes in supply voltages and small variations in tube charac- 
teristics. For example, if the emission of the tube should drop slightly, 
ithe cathode dias will tend to decrease slightly and thereby compensate 
for the loss in tube emission. 

In addition to stabilising the operation of the tubes, the cathode 
resistor also assists in the switchover action. Thie multivibrator is 
therefore both plate-to-grid- and cathode-coupled. The walues for the 
components in the plate-to-grid—coupling network and the proper value for 
the cathode resistor can be found readily from the plate characteristics 
of the tube by considering that when V15 is conducting, VlA shall de cut 
off and when VlA is conducting, ite grid bias shall be slightly negative. 

The purpose of the clamping diode (¥7) is to “et the grid poten- 
tial of V1B, the normally-on tube, at a definite fixed potential, slightiy 
wogustve with respect to the cathode. If clamping action were not employed, 
there would be grid—to-cathode current in VIB during the normal etate 7 


cause the timing resistor is returned to plate-supply potential. The result 
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of the grid current would be that the potential of the right-hand terminal 
of the timing capacitor would vary with the grid-to-cathode resistance 

of V13 and the cathode current of that tube. The left-hand terminal of 

the timing condenser is connected to plate-supply potential. Thus the. 
voltage across the timing capacitor and hence the initial charge on it at 
the beginning of the delay period would wary with fluctuations in tube 
characteristics. The result of this would be undesirable variations in the 
delay period provided by the multivibrator. By clamping the grid of VIB 

to a fixed potential and not allowing the flow of grid current, the initial 
charge on the timing condenser is fixed and more stable operation results. 
Because of their low plate-to-cathode capacitance and low forward resie- 
tance, type 6AL5 diodes are used. 

Brief mention should alec be made of the purpose of the remmining 
Components in the multivibrator circuit. Small resistors, arbitrarily 
chosen as 47 ohms, are inserted in series with the control gride to elimi- 
nate parasitic oscillations. Because type 5687 tubes have a very high 
transconductance, the presence of grid-to-plate capacitance often leads to 
high-frequency oscillations in the tube. These oecillations can be pre- 
vented by decreasing the Q of the grid circuit through the use of a small 
resistor. . 

The plate-supply potential is not applied éssectiy v0 the plate- 
load resistors, but through a R-C filter network in order to decouple the 
maleivivratere from each other. The filter is made up of the 22 ohm resie- 
tor and the parallel combination of a 0.1 and a 0,0] microfarad soniban: 


The 0.1 microfarad condenser, being of tubwlar construction, has considerable 
v4 
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inductance at high frequencies and would not give proper decoupling action 
fora steep waveform on the Common plate-supply line. For that reason, @ 
0.01 microfarad mica condenser, having better high-frequency characteristics, 
is added. 

Wire-wound resistors are used in several places because their 
stability is greater than that of composition-type resistors. The timing 
resistors need not be precision resistors of the type used here, at mAY 
have greater tolerance, providing they are sufficiently stable. The mica 
timing capacitors here used are JAB characteristic EB. Here again the choice 
of components is based on maximum poseibdle stability, 

Attention will now be turned to the manner in which the multi- 
vibrators are triggered and interconnected. Trigger pulees of negative 
polarity arrive from DB 1 and DE 2 at Jl and J2, respectively. The trigger 
pulses are applied at the plates of the normally-off tubes, reaching the 
grids of the normally-on tubes through the timing capacitors. in order 
to remove the triggering sources from the multivibratore at all times ex- 
cept when the negative-going portion of the trigger pulee arrives, diodes 
are inserted in the triggering path. Because of their low inter-electrode 
capacitance and long life, germanium-crystal rectifiers are well suited 
for applications requiring fast waveforms sil are used here. Since the 
rated back voltage of type D358 crystal rectifiers ie 75 volts and in this 
circuit the voltage swing at the plates of the normally-off tubes ie approxi- 
nately 150 volts, two crystal rectifiers are used in series for each trigger 
path. In order to distribute the total back voltage of 150 volte equally 
across the two crystal rectifiers, the 220,000 ohm resistore in parallel 


with the crystal rectifiers are used. 
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The multivibrators trigser each other through the 12 micro-micro- 
farad coupling condensers. The value of the coupling condensers is quite 
critical, as the following discussion will show. Consider multivibrator 1. 
At the plate of the normally-on tube, there is a rectangular waveform, the 
positive-going edge occurring at the start of the delay period and the 
negative-going edge occurring at the end of the delay period. Multivibre- 
tor 2 should, of course, de triggered at the end of the delay period, and 
the coupling condenser must therefore be large enough eo that the negative- 
going edge will trigger multivibrator 2. But if the coupling condenser 
is too large, the timing condenser of multivibrator 2 will charge through 
the clamping diode during the positive-going part of the waveform at the 
plate of V1B. When the plate waveform then reaches a steaiy walue, the 
timing condenser discharges. Its discharge path consists of the 6,300 
ohm resistor and the timing resistor. Since the upper end of the timing 
resistor is at a fixed potential, the lower end and hence the potential 
at the grid of V2B then drop in potential. Triggering of sultivibrator 2 
at an undesired moment can then occur. The upper limit for the walue of 
the coupling condenser is thus fixed by the need to prevent unwanted trigger- 
ing of multivibrator 2 from occurring, and the lower limit is set by the 
requirement that the negative-going eige of the waveform at the plate of 
VIB trigger multivibrator 2. The value of 12 micro-microfarades for the 
coupling condenser was determined experimentally. 

“The required trigger pulee for the gate generator at the end 
of the delay period of mitivibrator 2 is formed by the ringing circuit 


in the plate circuit of V2. The ringing circuit; an underdamped R-L-C 


of 
/ 
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combination, is formed by the 100 wicrohenry choke and the existing stray 
capacitance. The D357 crystal rectifier removes the positive half of the 
ringing signal after the initial negative half-sinusoid and dissipates 
all energy, thus preventing further oscillations. A single negative-going 
pulse is thereby generated at the end of the delay period of multiwibrator 2. 
A photographic picture of this output pulse is shown in Figure 3i(a). ‘The 
pulse is seen to have a duration of approximately 0.3 microsecond and an 
amplitude of approximately 25 volts. 
3.3222 Clearing of the Multivibrators 

Since new information may be furnished by the computer to the 
decoder at any time, provision must be made to clear the miltivibrators, 
i.e., return them to the normal estate, regardless of the instantaneous 
condition of the R-C timing network. Therefore, before a new control pulse 
arrives at Jl, a pulse siete be available which causes the right-hand tubes 
of all the multivibrators (V1B, V2, V5B, and Y6B) to conduct. Thies clear 
pulse is provided by the blocking oscillator (V4). We recall from the 
block schematic, Figure 26, that the input to the blocking oecillator ie 
the actual control pulee from the computer; the input to J] is that same 
pulse, but delayed in DE il, 

The blocking oscillator usee a type 2C51 double triode, the first 
section serving as a trigger tube and the second one as the actual dlocking 
oscillator. The circuit arrangement follows a common fora.* At the present 


state of the art, there is no analytical approach to the design of blocking 


1. Ref. 5., pp. 205-238 
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oscillators because of non-linearities in the tube and the pulse trans- 
former, Parameters used in this blocking oscillator were therefore derived 
by a process of trial and error. 

The output pulse from the blocking oscillator reaches the normally- 
off tubes of all the multivibrators (VlA, V2A, V5A, and VoA). ‘The pulee 
is of negative polarity and by cutting off all the normally-off tubes, 
it assures that the normally-on tubes are made to conduct and hence brings 
about the clearing action. Because clearing at the desired instant must 
occur regardless of the instantaneous condition of the timing condensers, 

@ relatively long clear pulse of large amplitude is required. A photographic 
picture of the clear pulse is shown in Figure 29(a). The pulee is seen 

to be approximately 1.2 microseconds long, with a maximum amplitude of 

53 volts. The clear pulse ie applied to the grids of the normally-off 

tubes through type D357 crystal-rectifier diodes. These teclate the four 
multivibrators from each other and also remove the loading effect of the 
blocking oscillator on the multivibrators. 

The clearing action is shown in Figures 30(a) ani (bd). Before 
discussing these waveforms, it may be well to review the method in which 
the multivibrators operate. 

Consider multivibrators 3 and 4, which make up DEB &. Assume that 
the multivibrators have deen cleared, i.e., tudes 5B and Y6B conduct. 

Upon arrival of the information pulee, V5A is made to conduct and VSB is 
turned off. After 70 microseconds, V5B resumes conducting and Y5A is cut 
off. Thies is the first part of the delay which makes up the total delay 


in DE 4, When V5B resumes conducting, multividrator 4 ie triggered, 
Jf 
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V6B is cut off, and V6A conducts. After ancther 70 sieroseconis, VosB 
resumes conducting, and a trigger pulse, delayed 140 microseconds with 
respect to the information pulse, is sent to the gate generator. At the 
same time, multivibrator 4 triggers multividrator 3, and the previous action 
is repeated, with the trigger from multivibrator 4 taking the place of the 
original information pulse. 

Figure 30(a) illustrates thie action. In that figure, a = 
graphic picture of the waveform at the cathodes of VoA and V6B is show. 
(The cathode vevefores of all multivibrators are the same in shape.) 
Because the tubes have unequal plate-load resistors, the cathodes are at 
the higher potential when V6B conducts and at the lower potential when 
VGA conducts. Thus the lower potential in the waveform of Figure %O0(a), 
corresponding to VGA conducting, indicates the period during which multi- 
vibrator 4 contributes its delay to the total-delay in DE 4; the higher 
potential in the waveforms of Figure 30(a), corresponmiing to VOB conducting, 
indicates the period during which msultivibrator 3} contributes its delay 
to the total delay in DB 4. At every posi}ive-going edge in the wavefor:, 
the gate generator and multivibrator 3 are triggered; at every negative- 
going edge, miltivibrator 4 is triggered. 

Figure 30(>) shows the clearing action. A clear pulee is 
applied to the multivibrators approximately 10 microseconds after the start 


of the waveform. Comparison with Figure 30(a) shows that YOR is thereby 


the delays in multivibratore ‘ ani & 
The system only demands that the total delay in DB 3 be exactiy 
Tr a more complete discussion of 


i 
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made to conduct, at an earlier time, and multivibrator 4 ie brought into 
ite normal state, When the new information pulse arrives at J2, it triggers 
multivibdrator 3, but leaves multivibrator 4 in the normal state. The occur- 
rence of the new information pulse (here 40 microseconds after the clear 
pulse) can be seen by the small negative dip in the waveform of Figure %0(b). 
(The small dip is caused by the action previously described in the dis 
cussion of the determination of the proper walue for the coupling conden- 
cer between the multivibrators.) Multivibrator 4 remains in the normal 
state until 70 steneeeniiic after the arrival of the new information pulse. 
At that time, multivibrator 4 is triggered and V6A conducts. After another 
70 microseconds, V6B agnin becomes conducting, multivibrator % and the 
gate generator are triggered, and operation identical with that previously 
described in connection with Figure 30(a) occurs. 
3.3223 Synchronization of the Multivibrators 

The need for maintaining accurate and identical delays in DE 3 
and DE 4 has already been stressed. The multivibratore are made to meet 
that requirement by the use of 2 mc synchronising pulses. 

Synchronizing a sultivibrator consists of superimposing upon 
the timing exponential positive pulees which will incresee the slope of 
the exponential at the occurrence of a synchronising giles and thereby 
Dring about the change of state at the instant of application of « parti- 
cular synchronising pulee. This action removes the emall uncertainty as 
to the exact moment of change of state which wuld exist if mo external 


synchronisation were applied. 


Synchronization ie here brought about by injecting into the grids 
of the normally-off tubes negative pulses derived from the trigger tube, 
V3. (See Figure 28.) During the delay period of a multivibrator, the 
normally-off tube is conducting. The negative synchronising pulses will 
therefore decrease the conduction of the normally-off tube and thus cause 
positive pulses to appear at the plate of the normally-off tube. These 
positive pulses are superimposed on the timing exponential and the desired ! 
synchronizing action is thus accomplished, ; 

Figure 30(c) shows the synchronising effect. The lower level 
of the waveform at the cathode of se mitivibrator, which, as we have al- 
ready seen, occurs during the delay period, shows small negative dips. 
These indicate that the conduction of the normally-off tube is decreased 
by the synchronising pulses. Shortly after a particular aynchronising 
pulse the change of state pawanes which is here indicated by the rise in 
cathode potential. The change of state does not occur directly when the 
synchronizing pulse is applied because switchover does not occur instan- 


taneously . y 


As a source of synchronising pulses, a clock-pulse guerator 


of the type previously mentioned wae used. The output of the clock-pulee 
generator is fed to J3 of Figure 28. V3 then cugplice the amplifies «yn- 

jiheaiine dita He WE ee ea, Bx ealbeitine Hime 

are connected to the grids of the normally-off tubes through 5 sicro- 


microfarad condensers. These condensers are small enough to allow all 
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the mltivibrators to be connected to the same point (the plate of V3) 
without. interaction among multivibrators occurring. A very simple and 
economical synchronizing circuit thus results. . 

Figure 29(b) shows the input to the trigger tube, V3. The pulses 
‘at that point are nearly 0.1 microsecond long and have an amplitude of 
approximately 25 volts. The grid circuit of the tube clamps the top of 
the input waveform at zero potential by building up a negative bias on the 
0.001 microfarad coupling condenser. The cut-off voltage of the type 5687 
tube with the given plate-supply potential of 250 volts is -22 volts. 

Thus, because of the clamping action in the grid circuit, the base line 

of the input waveform is well below cut-off and small changes in the ampli- 
tude of the input inlecs do not affect the output of V3. As long as the 
amplitude of the input pulses is greater than 22 volts, the plate waveform 
of V3 remains unaffected. This is a valuable feature in the operation 

of the multividfetors,\ since it means that the synchronising action is 

not affected by small waesavtnns in the amplitude of the synchronizing 
input to J3. 

The waveform at the plate of V3 is shown in Figure 29(c). The 
output of V3 does not follow the shape of the input waveform for the follow 
ing reasons. At the occurrence of an input pulse to V3, the tube is made 
to conduct and the capacitance at the plate of V3 charges rapidly. The 
rapid linear fall in the plate waveform thus results. In the interval 
between synchronising pulses, the oer ee discharges slowly through 
the 3,900 ohm platenioai eiekubiies the slow rise in the plate waveform 


thus results. 
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At this point, it gay be well to re-examine the over-all opera-— 
tion of the multivibrators with the ais of further clarifying the timing 
relationships. 

"The previously established requirement that the decoder be 
accurate to 1 part in 250 means that, because each of the delay elements 
3 and 4 provides delays somewhat greater than 128 microseconds, these 
delays must be accurate within 1/2 microsecond, or within the time inter- 
val between two successive synchronizing pulses.. We can now see how syn- 
chronization brings about operation which is accurate within that lisgit. 

Consider the information pulee. Ase we have seen, it may arrive 
at any time. This means that at the end of the first delay in multiribra- 
tor 3, the change of state may coincide with one of two possible synchro- 
nizing pulees. The first delay may, therefore, differ from the design 
value by 1/2 microsecond in the worst possible case. Thus the very first 
delay takes up all the allowable tolerance, and no further deviations from 
the desired delays must occur. Mo additional errore are actually intro- 
duced as the information pulse "circulates"/in DB 4, because after the 
very first delay in multivibrator 3, all triggering coincides with a syn- 
chronising pulse. By the very nature of synchronisation, # multivibrator 
will always change ite state after a fixed number of pulees, providing it 
has been triggered in coincidence with @ aynchronizing pulee. in our 
example, the first output pulee from mltivibrator 3 occurs sim ltaneously 
with ‘ea of two possible synchronizing pulses, but the trigger nevertheless 
is coincident with a synchronising pulse. Therefore, the first output 


pulse from multivibdrator 4 surely occurs after a fixed nuzber of synchronizing 
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pulses. Similarly, because the output of miltivibrator 4 is coincident 
with a synchronising pulse, the second output pulse from multivibrator 3 
occurs after a fixed number of synchronizing pulses. The same action con- 
tinues as long as the information pulse "circulates" in DE 4. Thus we. 
see that the only possible source of error occurs in the wery first delay 
in multivibdrator 3. Accuracy demands are therefore fulfilled. 
3.3224 The Gate Generator 

The remaining parts of the conversion device are the gate genera- 
tor and the integrator. The circuit schematic of these componente is shown 
in Figure 32. The gate generator consists of a flip-flop developed by 
Project Whirlwind. The design will therefore not be discussed here in 
detail and only the functional operation will be described. 

The flip-flop ie .eo arranged that the plate of a non-conducting 
tube is at nearly ground petential, while the plate of a conducting tube 
is at approximately -40 volts. The output terminal of the flip-flop 
(the point at which the control grid of the integrator tube is connected) 
can be at one of two possible potentials: nearly ground (when V10 ie cut 
off) and approximately -17 volte (when V1O is conducting). A negative pulee 
from DE 3 will cut off v0, thereby generating the positire-going edge 
of the gate waveform. A negative pulee from DE 4 will cut off V9 and turn 
on Vl0, thereby generating the negative-going edge of the gate waveform. 
Reference to Figure 25 shows that this is the desired operation. 

. Figures 31(b) and (c) are photographic pictures of the waveforms 

at the output of the gate generator. Figure 31(b) ie the waveform resulting 


when the number 0 is decoded. Previous discussion might have led one to 
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expect that the gate length corresponding to the number O would be 1/2 
muonenseaia. (We recall that to obtain the information pulse from the 
binary counter, it takes one more pulse input to the counter than the nus- 
ber to be decoded. We have here assumec that the repetition rate of the 
counter input is 2 million per second. Hence, when the susber 0 is decoded, 
it will take 1/2 microsecond to obtain the information pulee.) Figure 31(b) 
shows that the gate length is 1 1/2 microseconds. Thie was brought about 
here deliberately by making the delay in DE 2 longer than the delay in 

DE 1 in order to avoid possible errore in the operation of the gate genera 
tor. If the pulses from DE 3 are nearly coincident in time, the flip-flop 
may not trigger as desired and erroneous gate lengths may result. By making 
the delay in DB 2 longer than that in DB 1, it is certain that simultaneous 
or nearly simultaneous triggering at both inputs to the flip-flop cannot 
occur. Faulty operation will then never result. 

It might now be thought that the "misadjustment"® of DE ? will 
cause inaccurate operation, since the number O will no longer result in 
sero output from the decoder, and all other otmberse will produce propor- 
tionately larger outputs. Strictly speaking, this is true. But the ehift 
in output level brought about by making DE 2 longer than DB i is only a 
matter of calibration. The number O will etill result in « unique output 
level, although that level is no longer 0. Similarly, all other numbers 
will still have corresponding output levels, and it only remains to maké 
allowance for the small shift in all the levels. 

This may appear a bothersome problem. But actually it is not 


of any practical significance, since some provision mst always de made 
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to add to the output of the decoder some kind of a sero adjustment. Up 

to now, we have spoken of decoding numbers ranging from 0 to 255. In 
practical applications, it will be necessary to decode negative as well as 
positive numbers. But the decoder has no provisions for differentiating 
between negative and positive numbers. in order to overcome this diffi- 
culty, the computer will add to all the numbers to be decoded a positive 
constant equal to the magnitude of the largest possible negative number, 
thereby allowing the decoder to operate with positive numbers only. Bow- 
ever, the woltage-amplitude input to the controlled channel must be positive 
as well as negative, depending on the sign of the original number to be 
decoded. For that reason, a voltage amplitude corresponding to the posi- 
tivé constant added by the computer must be subtracted from the output of 
the decoder.” We can now see that the shift in calibration brought about 
by "misadjusting" DE 2 is of no practical significance; it is taken care of 
by proper adjustment of the constant woltage subtracted from the output 

of the decoder. 

Figure 31(c) shows the output of the decoder corresponding to 
the maximum sumber (255) being decoded. The delays in DE 3 and DE & are 
made 12 microseconds longer than the maximum time interval between the 
control and information pulses. For that eens even when the maxims 
number is being decoded, the output pulees from DB Tf and DB 4 can never 
coincide and simultaneous triggering of both inputs to the gate generator is 
thus avoided. The short gape in the waveform of Figure 31(c) illustrate 


this point, 


* This point will be discussed again in Section 3.52. 
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3.3225 The Integrator 

The purpose of the integrator is to provide an output voltage 
which is proportional to the ‘average level of the series of gates applied 
to the input of the integrator. Integration is here accomplished by feed- 
ing a RC network from a constant-current source. 

A type GAU6 pentode serves as the constant—current source. The 
plate characteristics of that tube are very flat above the knee, and opera- 
tion above this point thus assures that the tube operates as a nearly~ideal 
constant~-current source. The tube has a very sharp cut-off characteristic 
and, with the supply voltages here used, cut-off conse with a controle 
grid potential of somewhat less than =3 volts. Since the lower level of 
the output of the gate generator (-17 volts) > cigs the tube well below 
cut-off, it conducts only during the positive part of the input waveforz. 

A series of current gates is thus fed to the R-C plate load where the 
integration occurs. 

The parameters for the R-C network are determined by the follow 
ing considerations. In order to have a large output voltage across the 
R-C network, the value of resistance used shall be as large as possible. 
The maximum value of resistance is fixed by the requirement that the tube 
operate above the knbe of the plate characteristics. A value of 18,000 
ohms for the resistor was thus arrived at. This gives a maximum output 
voltage of 53 volts. The time constant of the R-C network must be much 
larger than the time between succeesive gates at the _— to the integrator 
(140 microseconds) and much smaller than the minimum time between successive 


pieces of information furnished to the decoder by the computer, Of course, 
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the time between successive read-out operations by the computer is deter- 
mined by the particular application considered and cannot be fixed uniquely. 
As a typical figure, it was assumed that the computer supplies new infor- 
mation every 20 milliseconds. The time constant of the E-C network was 
therefore made 1.8 milliseconds, which is nearly 13 times the interval 
between successive gate inputs to the integrator and about 1/11 of the 
time between successive readings to the decoder. In Section k, more will 
be said about the network in the integrator. 

3.323 Alignment Procedure 

Once again, it is recalled that the success of the method of 
decoding described here depends on the degree with which DEB * and DE 4 
can be made to be equal. One cannot expect the four monostable multi- 
vibrators which make up DE 3 and DB 4 to perform identically, unlees ad just- 
ments are provided to make compensations for variations of the tubes and 
other components from the nominal ratings. In the circuit of the milti- 
vibrators (see Figure 28), variable condensers (the Erie ER3OO trimmers) 
and the 25,000 ohm potentiometers are provided for the purpose of adjusting 
ok 3 and DE 4 for exactly equal delays. The adjustments of these components 
are highly critical and may, at ie. wee intricate. An orderly procedure 
for adjusting the multividratore ie therefore necessary. The procedure 
to be described in Section 3.3233 has been found simple and efficient. 
It can be carried out in a matter of minutes. Before giving the details 
of the procedure used, a general description of the test setup required 


is in order. 
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3.3231 Test: Equipment 
. Because most of the test equipment shown in Figure 33 is unusual 
and was specially designed by Project Whirlwind, a brief description of 
all non-commercial units is given. 

(1) Pulse Standardizer.? The purpose of this unit is to provide 
at the output a standard pulee for each positive input pulse. The ampli- 
tude and shape of the output pulse is entirely independent of the input 
pulse. A standard pulse has @ curation of 0.1 microsecond and ite shape 
approximates that of a half-sinusoid, 

(2) Gate-and-Delay Unit.© This unit provides a setandard-pulee 
output delayed with respect to the positive input pulse by a time interval 
which is continuously wariable from 0.5 to 2500 sgicroseconds. 

(3) Multivibrator Frequency Divider.” As used in this applica 
tion, the multivibrator frequency divider eteps down the repetition rate 
of the input pulses to a repetition rate which can be waried from 60 cycles 
to 200 kc. Division is accomplished in two cascaded stages. The output 
of the first divider stage is available in the form of standard pulees 
at the terminal marked "standard pulee output". The output of the second 
divider stage (marked "output") ie a large, negative, non-standari pulse 
designed primarily to trigger the sweep of a type P5 synchroecope. The 
output pulse from the second divider stage can be delayed by « variable 
amount. In this setup, the output pulees will be in synchronism with the 


source connected to the terminal marked “input to lock-in delay’. 


1. Ref. 11 
2. Ref, 12 a 
3. Ref, 33 
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3.3232 Interconnections of the Test Equipment 
The interconnections of the test equipment will now be discussed. 
. The 2 me clock, described in Section 3.3223, is the primary source of pulees. 
Its output reaches J3 of Figure 28 through the upper pulse standardizer 
. of Figure 33, thus synchronizing the multivibrators. The output of the 
clock is also supplied to the multivibrator frequency divider, which triggers 
the sweeps of both the type P5 synchroscope and the Tektronix oscilloscope. 
The trigger output of the P5 synchroscope, after shaping in the lower pulee 
standardizer of Figure 33, is fed into both gate-and—delay units. The 
two gate-and-delay units then provide two pulses which serve to simulate 
the control pulse and the information pulse. The output of the right—hand 
gate-and—delay unit triggers multivibrator 1 (J1 of Figure 28) and that of 
the left-hand gate-and-delay:unit triggers multividrator 3 (J2 of Figure 28). 
To summarize the operation of the test setup shown in Figure *%, 
we see that the sweeps of both the P5 synchroscope and the Tektronix Oecillo- 
scope, &s well as the timing of the mulitivibratore in the conversion device, 
are synchronized with 2 mc pulses. For every sweep of the P5 synchroscope, 
and in synchronism with that sweep, all multivibrators are cleared and 
furnished simulated control and information pulees. The time interval 
between the control pulse and the information pulse is verted by manually 
adjusting the gate-and—delay units. Mote that with this setup the gate- 
and-delay units aleo serve as DE 1 and DE ? of Figures 24 and 2%. This is 
siesaph iain by making the delay in the right-hand gete-and-delay unit 
equal to the required walue for DB 1; the delay in the left—hand gate-and- 
delay unit is adjusted to be the eum of the delay in DE 2 and the time 


interval between the control pulse and the information pulse. 


4 


-106- 


‘ With thie setup, the deflection plates of the P5 synchroscope 
may be connected to any point in the conversion device and any desired 
measurements may be taken. 

3.3233 The Adjustments of the Multivibrators 

Let us now return to the procedure for adjusting the miltivibra- 
tors of the conversion device. The ais in adjusting the sultivibrators 
is to make DE 3 and DE 4 equal. At first, it may seem that it does mot 
matter at all how the total delays in DE.3 and DE 4 are apportioned Sentie 
their respective multividrators. While this is true to some extent, it is 
harmful to make the delay provided by any one multivibrator very such 
different from that provided by ite mate. In view of the previously estab 
lished specifications (see Section 3.321), a good walue for the total delay 
in DE 3 and DB 4 is 140 microseconds. One could arbitrarily set the delay 
in multivibrator 1 for 40 microseconds and that in maltivibrator 2 for 
100 microseconds. This would be @ poor procedure, for the timing exponen- 
tial of one mitivibrator would be much longer than that in the other. 
For a given synchronising frequency/ the longer the timing exponential, 
the poorer the synchronisation achieved. We can now see that by making 
the multivibrators very mch different, unbalance has been created and the 
chances for faulty operation have been increased. | Yor that reason, it ie 
best to make the delays in all the miltivibrators equal. Of couree, no 
h special effort need to be made in order to achieve exact similarity in 
all maltividrators. It is perfectly safe to make the delay in one mlti- 
vibrator 68 microseconds and that in its mate 72 microseconds. For the 


sake of simplicity, we will speak of making all individual delays 70 microseconiée; 
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it is understood that small deviations are permissible, providing the total 
delay in DB 3 equals that in DE 4. 

J The adjustments of the sultivibrators are carried out in two 
steps: the "rough" adjustment and the "fine" adjustment. In the rough 
adjustment, only the trimmer condensers (5-20 MMFD, Erie HER300) of 
Figure 28 are used. The 25,000 ohm potentiometers in the timing circuit 
are set to their center position from which they are not moved until the 
fine adjustment As to be made. 

The rough adjustment consists of observing the multivibdrator 
waveshapes and setting the trimmer condensers so that the delay in each 
multivibrator will be 70 microseconds, A convenient point for observing 
' the waveform is the cathode of the multivibrator tudes. The waveform at 
the cathodes will be as shown in Figure 30(c). A count of the number of 
emall negative dips caused by the synchronising pulwes will indicate 
accurately the length of the delays provided by the multivibrators. Since 
the desired delays are 70 microseconds and the synchronising pulees occur 
every 0.5 microsecond, the proper count. of emall dips ie 140. Counting 
so large a number of pulses is a tedious task. For that reason, marker 
pulses obtained from the multivibrator frequency divider (terminal marked 
"atandard pulee output") are connected to the lower deflection plate of 
the Tektronix oscilloscope. By proper adjustment of the multivibrator 
frequency divider, one marker can be made to appear for every & or 10 
synchronizing pulses. Thus the counting procedure is greatly simplified 
and it can be carried out quickly and easily. (The Tektronix oscilloscope 


is ueed here because it has @ sweep magnifier, i.e., portions of the cathode 
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vavefors can be selected at will for observation. The counting procedure 
is thereby simplified, since the entire cathode waveform can be made to 
"move" along the face of the cathode-ray tube by manual control. As the 
display "moves" along, the markers and the synchronizing pulsee are counted, ) 
Although the above adjustment provides an exact measure of the 
delay, it is made under the condition where the oscilloscope loads down 
the multivibrator circuits. When the oscilloscope leads are removed, the 
delays will be slightly different. It is the purpose of the fine adjust- 
ment to compensate for the loading effect of the oscilloscope. 
With the‘type P5 synchroscope connected to the output of the 
gate generator and no test equipment connected to the multivibrators, one 
should observe a series of equal gates for each pair of pulses supplied 
to the conversion device. With only the rough adjustment made, the length 
of the gates will vary with time, and hence a blurred picture will result. 
The 25,000 oha potentiometers are now adjusted until a series of equal 
gates is shown on the face of the oscilloscope. There is no simple sequence 
for carrying out the fine adjustment and one simply has to turn the poten- 
tiometers until the desired result is obtained. This may at first seem a 
tedious process, but the loading effect of the escilloscope during the 
rough adjustment is very small. Before the fine adjustment is nade, the 
settings of the multivibratore are nearly alike and do not require mch 
change. For that reason, the potentiometers are made sufficiently small 
so that they can change the delays by only 1 microsecond. The fine adjust- 


ment does not require more than a few minutes. = 


3.4 RESULTS OBTAINED 
3,41 Delay Elements 1 and 2 

Experimental results show that DE 1 must provide a minisus delay 
of 3.2 microseconds. This is a very reasonable value, since the ‘time con- 
stant of the recharging path of the timing condenser is approximately 0.9 
microsecond, (See Section 3.3221.) For the reasons discussed in Sec- 
tion 3.3224, it is desirable to make the delay in DE 2 somewhat greater; 

@ minimum value of 4.2 microseconds is useful, With theee adjustments, 
the time interval between the clear pulse and the new trigger pulees 
applied to the multivibrators (Figure 28) is sufficiently long to result 
in satisfactory operation. Clearing may then occur at any time and the 
time relationship between the control and information pulees is not die- 
torted as these pulses are “circulated® in DE 3 and DE 4, 

Because DE 1 and DE 2 must furnish delays of only %.2 amt 4.2? 
microseconds, respectively, passive electrical delay lines may be used in 
their design. The stability and reliability of electrical delay lines 
is excellent and no trouble should be @ncountered in their application. 

We recall that test equipment constructed by Project Whirlwind 
was used in this Saivestigattes for DE 1 and DB 2. When especial units 
incorporating commercially available delay lines are built for DE 1 and 
DE 2, the output pulees from theese units, which trigger multivibrators 1 
and 3, should be made somewhat wider than 0.1 microsecond. It was observed 
that when 0.1] microsecond pulses are used to trigger the multivibdratore, 
a minisum pulse amplitude of 27 volts is required. The required pulse 


amplitude can be reduced by increasing the width of the trigger pulses, 
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since thereby no reduction in total pulse energy occurs. A good value 
for the width of the wares pulses from DE 1 and DE 2 is approximately 
0.5 microsecond. 

, We can now see why good recovery time of the multivibrators was 
considered important in Section *%.%221. By making the time conetant of 
the recharging network of the timing condenser small, the required delays 
in DE 1 and DE 2 are sufficiently short to allow the use of -electrical 
delay lines, which are the simplest anc moet reliable devices of their 
class. 

3.42 Accuracy 

Measurements of the accuracy of the decoder were sade in two 
ways: (1) by “circulating” in DE 3 and DE & a pair of pulees of known 
time relationship and measuring the time relationship maintained by the 
pulses during the course of the "circulating" action, and (2) measuring 
the output of the conversion device corresponding to a known input. 

The results of the first test are presented in Table 3.1. The 
time interval between the input to DE. and the input to DB 2 te shown 
in one column; in the other, the corresponding time interwal held by the 
maltivibrators ie en We note that the time interval in the second 
column is either 1 or 1.5 microseconds longer than that in the firet 
Column, We can account for 1 microsecond of that difference by the fact 
that DE 2 was intentionally set for a delay which was 1 microsecond longer 
than that in DE 1. , mes for coincident inpute to DE 1 and DE 2, the time 
interval held by the conversion device was 1 microsecond. The additional 


0.5 microsecond by which the two columns of Table 3,1 differ at some pointe 
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TIME INTERVAL 
BETWEEN INPUT 
TO DE 1 AND 

INPUT TO DE 2, 
microseconds 
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TIME INTERVAL 
TIME LYTERVAL BETWEEN INPUT 
HELD. BY CONVER- TO DE 1 AED 
SION DEVICE, INPUT TO DE 2, 
microseconds microseconds 
1 65 
67.5 
6 70 
8.5 72.5 
ll 75 
14 ‘1765 
16.5 80 
18.5 82.5 
21 85 
23.5 87.5 
26 90 
28.5 92.5 
ja 95 
33.5 97.5 
% 100 
38.5 102.5 
41 105 
43.5 ~~ 107.5 
46 110 
48.5 112.5 
51 115 
5305 117.5 
56 120 
58.5 122.5 
61 125 
63.5 127.5 


or TABLE 3,1 
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is attributable to the synchronizing action previously deecribed in Sec- 
tion 3.3223. We have seen there that, because of the synchronising action, 
the time relationship between the control pulee and the information pulse 
can be distorted by 0.5 microsecond, but not by more. Table 3.1 gives 
experimental verification and proves that the “circulating” action does 
not introduce an error which ie larger than 1 part in 256, Table %.1 also 
shows that the error of 0.5 microsecond occurs at random points. _ Agein, 
thie is to be expected, since new control and information pulses were 
supplied to the seieneieas fievice at random mosents. 

The over-all accuracy of the conversion device was determined 
by supplying to the input pairs of pulses, the time interval between which 
was accurately known, and recording the corresponding output woltage of 
the integrator. Once again results were very good. A plot of the input- 
output characteristic would be a nearly-straight line and would not show 
the errors clearly. For that Sita only the error vereus time interval 
detween control and information pulses was plotted. Figure 34 shows the 
plot. We see that only three readings fall, outside the > 0.4% percent error 
lines. These errors are probably due to experimental techniques (e.¢., 
inaccuracy in reading the voltmeter at the output of the conversion device) 
and can be disregarded. The over-all accuracy run was repeated jeahaes cal 
again a few readings (2 in one case and 3 in the other) fell outeide the 
: 0.4 percent error lines. These errors were never greater than = 0.6 
percent and were never read at the same pointe. One is therefore justified 


- 
in concluding that the conversion device has an accuracy of — 0.4% percent, 


+ 
corresponding to = 1 part in 250. 
~ 
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The tegts described above were made under static conditions. 

A pair of pulses was supplied to the input of the conversion device an4 the 
corresponding output voltage was measured. Next, the time interval between 
the input pulses was manually varied and again the corresponding output 
was recorded. Section 4 will describe some dynamic teste. 

3.43 Stability 

It was observed that when a single pair of pulses wae supplied 
to the input of the conversion device, the pair of pulees could be kept 
"“circulating® in DB 3 and DEB 4 for periods up to 5 hours. With the unit 
properly adjusted, it was always possible to maintain a pair of pulses 
for more than 5 minutes. In actual operation with the computer, the con 
version device will never be required to hold information for so long @ 
period and we can therefore conclude that the stability of the conversion 
device is better than required. 

Some indication of the stability can be gained from Figures 41(>) 
and (c) which are photographs of the output waveform of the gate generator, 
made with an exposure time of approximately # seconde. Mote that no jitter 
whatsoever is shown, even in Figure 31(b) which was taken with a eynchro- 
scope sweep-speed of 0.85 microsecond per inch. It was observed that the 
multivibrators have less than 0.0> microsecond jitter ies ee eynchroni ring 
pulses are applied. With synchronising pulees applied, no jitter whatsoever 
could be observed with the P5 synchroscope. 

3.44 ; Reliability 
A complete determination of the reliability characteristics of 


the conversion device would require several weeks and wes therefore not 
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w 
made in this investigation. However, the operation of the unit was observed 


over several long periods of *ine. It was found that the conversion device 
requires small adjustments (carried out by changing the settings of the 
25,000 ohm potentiometers of Figure 28) after 5 to 8 hours of operation. 
Only once could the unit be operated for 17 houre without the need of 
making any adjustments. 

The reliability is therefore not fully eatisfactory. in practical 
applications of the decoder, it should not be necessary to adjust the unit 
more than once datiy. However, it is believed that the design developed 
here is capable of more reliable operation. In Section 3.61, methods will 
be ican which are expected to result in greater reliability and the 
realization of the ultimate design goal, which is reliable operation over 
a 24 hour period. 

3.45 The Critical Parameters 

In circuits where only on-off types of signals are ueed, small 
variations of circuit parameters are not harmful. Thie is the great ad- 
vantage of on-off operation. In on-off opération, the exact amplitude of 
a pulse or its precise timing do not matter. As long as the pulses are 
such that their presence or absence can be detected, operation will be 
fully satisfactory. However, in circuits such as the conversion device 
described here, the exact nature of the signal is iepertant. Small changes 
in circuit parameters can then introduce errors. In our case, information 
is held in the form of a time interval between two pulees. If that interval 
ie varied somewhat during the holding process, erroneous outputs result. 


Thus the conversion device Aces not have the relatively wide margin of 
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operation inherent ‘in on-off operation. Thies is to be expected, since the 
purpose of the decoder is the conversion of binary mumbers (essentially 

‘ on-off signals) to voltage amplitudes (analog quantities the exact magni- 
tude of which carries the information). Up to the integrator, the conver— 
sion device holds information in the form of ma time interval. Tize has 
been chosen here as the domain in which to hold information, because elec- 
tronic circuits are better suitec for operation in the time domain than 
in the voltage- or current-amplitude domain. But etill, the decoder is, 
by necessity, an analog device and must therefore suffer from the inherent 
disadvantage of analog devices, i.e., sensitivity to wariations ia circuit 
parameters. 

Three of the supply voltages used in the design of the conversion 
device are critical: the plate-supply voltage of the msultiribrators, the 
screen-grid voltage of the integrator tube , and the filament voltages. 

It was found that the plate-supply voltage of the multivibrators must aot 
vary by more than “3 1 volt. The variations in screen—grid potential of 
the integrator tube should be kept to a sinitaim, since the plate current 
of a pentode is determined by the screen-grid voltage and not by the plate- 
supply voltage in operation above the knee of the plate characteristics. 
The filament voltages of all tudes should be well regulated. Plate current 
is still affected by filament voltage even when operation te epace—charge 
limited due to the dependence of electron velocities on filament voltages. 

The msultivibrators of Pigure 28 are sensitive to variations in 
the amplitude of the synchronising signal applied to the grids of the 


normally-off tubes. This effect has been minimised here by the clamping 
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action in the grid circuit of the trigger tube (V3 of Figure 28). The 
manner in which the clamping action is accoB®plished has been discussed in 
Section 3.3223. Measurements show that the amplitude of the synchronising 
signal input to the conversion device may wary by 3 volts without failure 
in operation occurring. This is believed to be a sufficiently wide sargin. 
3.5 EVALUATION OF THE DECODER 
3.51 Accuracy 

The accuracy which was achieved with this design will probably 
- be satisfactory in —_ applications. There may be cases where higher 
accuracies are desired, and the question arises if the accuracy of the 
decoder investigated here can be improved. 

The error introduced by the multivibrators of the conversion 


device can be expressed as . 


where t. = synchronising frequency 
T = maximun sida taterved between control pulee 
and information pulse. 
The parameters used in this investigation are t. = 2 ec, 7 = 128 microseconds. 
Thus, for our case 


1 
a ee te Fee: 
2x10 x 12x10 


m There are two possible ways of reducing the error caused by the 


multivibrators: increasing T and increasing t. Since T ie the time interval 


a 
4 
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between the first pulse admitted to the counter and the appearance of the 
counter end-carry pulee in the case of the maximus sumber to be decoded, 
increasing T means that the binary counter will be connected to each output 
channel for a longer period of time. A reduction in the number of channels 
which share a given counter will thus result. We have previously seen 
that with the parameters used here, the binary counter may be shared by 
150 channels. In practical applications, so large # number of channels 
may not be necessary. It therefore appeare that it is feasible to increase 
T. As T is increased, T (Figure 25) must also be increased. But there 
ies a limit to the amount of delay which the sultivibrators can furnish 
accurately, since the slope of the timing exponential decreases as the 
delay period increases. In this application, each multivibrator provides 
a delay of 70 microseconds, which ie approximately 1/3 of the time constant 
of the timing exponential. Operation was thue restricted to the region 
where the timing exponential is quite steep. If it ie desired to increase 
T, care must be taken not to operate the sultivibrators in the region where 
the slope of the timing exponential is enali. In order to operate each | 
multivibrator in the desired region and still increase T (and hence tT) 
it may become necessary to add a third multivibrator in both DE % and DE 4, 
In that case, each multivibrator would supply only 1/3 of the total delay 
required, 

The other method by which B, the error introduced by the miti- 
vibrators, can be decreased coneiets of increasing the synchronising fre- 
quency. Here the possibilities are quite limited. The greater the number 


of synchronizing pulses superimposed on a given timing exponential, the 
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greater the uncertainty in the exact moment at which the change of state 
of the multivibrator occure. Aleo, the warious stray capacitances in the 
: aceoars and tube limitations make operation at higher synchronising fre- 
quencies difficult. It was found that the sultivibrators could not be 
synchronized with 4 mc pulses; the use of 3 wc pulses seemed poesible, but 
it was not proven conclusively that fully satisfactory operation can then 
be obtained. 

We conclude that the accuracy of the decoder can probably be 
increased somewhat. Just where the limit lies depends on the number of 
multivibrators used and, of course, the accuracy of the integrator stage. 

3.52 The Output Stage 

It is noted that in the operation of thie decoder, pulses and 
gates of fixed amplitude are used up to the very last stage. Operation 
ie thus confined to the time domain as much as possible. The output etage, 
the integrator, is a very simple circuit, consisting of # constant-—current 
source and an integrating network or low-pass filter. With the parameters 
used here, the output signal corresponding to the maximus susber has an 
amplitude of 53 volts. Thus in many applications no further amplification 
will be necessary and the chances for the introduction of additional in- 
accuracies are reduced. Of course, it may be necessary to use a filter 
in the output of the decoder which is better than the simple R-C network 
used here. The filter network used in an actual application will be deter- 
mined by the over-all characteristice of the controlled systen, 

In Section 3.3224 we have seen that at the output of the decoder 


provision must be made for ee a fixed woltage corresponding to 
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the intentional "misadjustment*® of DE 2 and the positive constant added 
by the computer to all numbers before they are decoded. Mo additional 
inaccuracies are expected from this step, since a woltage can be accurately 
set to 1 part in 1,000.* 

3.53 Simplicity of Design 

Simplicity of design is always desirable, not only from the point 
of view of economy, but also on the basis of the realisation that the 
potential reliability of an electronic device is intimately related to the 
; number of components used, particularly vacuum tubes. 

Reference to Figures 26 and 32 shows that, in addition to clamping 
diodes, 14 wacuum tubes in 9 envelopes are used. To obtain a complete 
count of vacuum tudes required for this decoder, we must add to these 
figures the number of tubdes,used in DE 1, DE 2, and the binary counter. 

If electrical delay lines are used for DE 1 and DE 2, no more than 2 tubes 
(pulee amplifiers) should be required for each of these unite. The binary 
counter must have § stages. Allowing 4 tubes for each stage, so total mum- 
ber of 32 tubes is required for the counter. ,If the counter ie shared 

by a sufficiently large number of stages, the number of counter tubes per 
output channel is less than l. We will aseume that the counter adde one 
more tube to each decoder. The total number of tubes required by each 
decoder is therefore 19. This is a low number, considering the accuracy 
which the decoder achieves. By way of comparison, one might mention that 
a Dinarpowsighted decoder of comparable performance would employ at least 


32 tubes plus an output amplifier. 


1. Ref. 35., pp. 548-555 


3.0 SUGGESTIONS FOR FUTURE WORK 
3.61 Redesign of Delay Elements 3 and 4 

Attention has already been called to the fact that the relia- 
bility of the conversion device is not sufficient. Efforts must therefore 
be made to achiewe better reliability. 

With the particular physical layout used in this investigation 
(see Figure 27), it was found that the multivibretors have a tendency to 
interact through electrostatic coupling. It is therefore recommended that 
in a future construction the multivibrators in DE % be shielded from those 
in DEB 4, An improvement in reliability can be expected from a shielded 
construction. 

Thies investigation has aleo revealed that type 5687 tubes are 
not fully reliable. At one time intermittent operation resulted from « 
5687 tube which had unstable characteristics. While thie particular tube 
was acceptable on the basis of rigorous etatic tests to which all tubes 
used by Project Whirlwind are subjected, in thie application the wariations 
in tube characteristics caused intermittent operation. As we have already 
seen, margins of operation in a decoder are, of neceseity, emall. Tubdes 
and all other components must therefore be highly stable and reliable. 
Present—day type 5687 tubes are not good enough for thie application. 

It is understood that Tang-Sol, the manufacturer of 5687 Gibiens ie trying 
to improve the reliability of these tubes. If future deliveries show no 
Suprowenent 4x reliability, the multivibrators should be redesigned for 
other tubes, e.g., type 2051. If such a change becomes necessary, it will 


not be possible to synchronise the multivibratore at frequencies greater 


/ 
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than 2 mc. With the exception of its poor reliability, the type 5687 tube 
is unquestionably the best tube available for this application. A change 
in tube type should therefore be made only if absolutely necessary. 

3.62 Use of Other Devices 

While the use of acoustic delay lines for DE 3% and DE 4 in this 
investigation would have led to excessive expense, it say be economical 
in practical applications to use mercury delay lines for DE * and DE 4. 
Modern mercury delay lines have a large number of signal channels. ‘wo 
of these channels would be required for each conversion device, and if 
the total number of conversion devices is large enough to make full use 
of a mercury delay line, economical design may result. Hecent experience 
with mercury delay lines shows that they will be fully satisfactory {ros 
the point of wiew of accuracy, reliability, and stability. 

Attention has recently been called to the use of magnetic ferrites 
as delay elements. ! At the present time, insufficient information is 
_availadle to allow evaluation of the possibilities. Future work should 
consider the use of magnetic ferrites for DB } and DE 4, since the relies 
bility of these materials is supposed to be excellent. 

3.63 Checking . 

Finally, future development should consider the possibilities of 
incorporating a method of checking the decoder. The checking methods 
developed for the Whirlwind computer are not applicable to the decoder, 
which — analog device. Of course, checking the decoder is just ae 
important as checking the computer itself. New checking methods mat 


therefore be developed. 
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4,0 TESTS USING THE COMBINED SYSTEMS 


In order to get further information on the accuracy, reliability, 
and also the frequency response of the two systems developed in this theeis, 
it was decided to perform a test in which the coder fed the decoder directly. 
This, as we shall see, results in @ considerable saving in the amount of 
test equipment needed. 

We have shown in Section 2.31 that the coding equipment, which 
converts @ shaft position into a binary number, generates a pair of pulses 
the time interwal between which is proportional to the position of the 
shaft. Ordinarily, these pulses would actuate a flip-flop and counter 
arrangement to produce the binary pulse-coded nusber. In order to avoid 
the necessity of setting up @ binary counter, the accuracy of this system 
was checked by actually counting pulees, as described in Section 2.51. 

This type of testing is necessarily static; yet it is desirable to test the 
system under dynamic conditions. When the coder and the decoder are com 
bined, dynamic tests can be carried out with «# sinigum amount of afiditional 
equipment. 

In Section 3.31, it is shown that the decoder, which converte 
a binary number to @ voltage amplitude, actually carries out the conversion 
in two steps. The second of these steps involwes the conversion of a pulee- 
position-modulated signal to a voltage amplitude and is carried out in the 
so-called conversion device. In ordier to test thie unit, there must be 
available, on separate lines, two pulses, the interval between which is 


adjustable and is accurately known. The setup sbown in Figure 3% will give 
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the necessary pair of pulses through the use of gate-and-delay units. 

This is sufficient for qualitative tests, but is difficult to use in quan- 
titative measurements, since the tize between the two pulses is not accu- 
rately known. 

In order to eliminate test equipment and yet sake it eaay to 
perform dynamic tests, the two systems were combined eo that the PPK sig- 
nals from the coder fed the conversion device. The two connections that 
are made in order to combine the syetems are indicated in Figures 14 and 26. 

Before discussing the dynamic tests performed, let us first con- 
sider the dynamic characteristics of the systems. There are two frequency 
ranges of interest in these systems: information frequencies: anc sampling 
frequencies. 

The information frequencies are those describing the motion of 
the shaft. Since this is a mechanical motion, the frequency components 
of the information range from 0 to 50 cps. 

The sampling frequencies are introduced by the fact that new 
information is not supplied continuously, but/only at discrete intervals. 
It is well known that if the sampling is not to introduce any distortion, 
the sampling frequency mat be gore than twice the highest frequency com 
ponent of the information. Thus, if the highest frequency Component were 
50 cps, the sampling frequency would have to be somewhat higher than 100 
cps. For more slowly moving shafts, the sampling frequency sight be lower, 

Both of these frequency ranges can be handled by the coder. 
Previous discussion has shown that the coder can furnish a new pair of 


output pulses for every cycle of the reference sinusoid. Since the frequency 
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of the reference sinusoid ia 4 kc, we see that the coder can furnieh new 
onuples at the rate of 4& ke. The coding system is therefore capable of 

. handling information frequencies up to nearly 2 kc. Since this frequency 
is many times higher than the frequency componente described above, we 
can conclude that the coder will not introduce any frequency distortion. 

The decoder is aleo capable of handling the required frequency 
components. In order to reach the output of the decoder, a pair of input - 
pulses to the conversion device must travel through the delay elements 
at least once. The information pulee is delayed 4.5 microseconds in DE 2 
and 140 microseconds in DE &, The total delay is thus 144.5 sicroseconds. 
Hence the decoder can accept information at a maximum rate of 1/144.5 x 107°, 
or nearly 7 kc. Up to the integrator, therefore, more than sufficient 
bandwidth is available, 

The purpose of the integrator is to extract the information from 
the gate-width—modulated signal produced by the decoder. In terms of fre- 
quency Components, the integrator is @ low-pass filter which, ideally, 
passes all of the information frequencies and_done above. A non-ideal 
filter may (1) attenuate some of the higher frequency components of the 
information, and (2) pass come of the unwanted components introduced by 
the sampling process. Thus the filter is the only possible source of fre- 
quency distortion of the information, and the frequency response of the 
system over the range from 0 to 50 cps should be identical with the fre- 
quency response of the filter used in the integrator. Any deviations from 


this would indicate that the equipment was not operating properly. 
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A frequency-response test was made in the following manner: 
The shaft of the control transformer connected to the coding system was 
_ caused to oscillate in a sinusoidal manner by means of a mechanical setup. 
The frequency of oscillations could be varied from 1 to 50 cps. The onding 
' system wae connected to the decoding system as described above, and the 
blocking oscillator of Figure 14 was set so that it produced a pulse about 
50 times per second. This is the sampling frequency. 

The filter in the integrator consisted of an 18,000 ohm resistor 
in parallel with a 0 plleretared condenser. It will be seen that this 
R-C network is @ very rough approximation to an ideal low-pass filter. 
(In practical applications, the design of the filter will be governed by 
over-all system requirements.) The half~power point of the B-C network 
, is at approximately 9 cps. it wms chosen to be this low eo that the effecte 
of the filter network would be noticed at frequencies such lower than thoee 
at which the effects of sampling would be noticed. The amplitude and phase 
of the output of the integrator were measured as a function of frequency. 
The results of this test indicated that the amplitude of the integrator 
output fell off with increasing information frequency in exactly the same 
way that the calculated impedance of the B-C network does. Also, the phase 
shift introduced was the same as that of the BR-C network, exennk for an 
added phase shift due to the oscilloscope amplifier used in the test setup. 
In other words, the frequency responee of the combined systems is deter- 
mined entirely by the filter used in the integrator, provided that the 
sampling frequency is more than twice the highest frequency chmponent of 


the information handled, 
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Finally, in order to demonstrate that the combined systems 
coed properly under dynamic conditions as well ae etatically, the pic- 
tures in Figure 35 were taken. The condenser in the integrator was changed 
to 0.1 microfarad. Thie new filter does not remove the sampling frequency, 
which was 100 cps in this case. Thue we see in the pictures the effects 
of sampling, which causes the sinewave to be approximated by @ serics of 
step functions. The pictures aleo illustrate the holding action of the 
decoder. Note that in the intervals between new samples the output is 
nearly constant. | 

The last picture in Figure 35 shows the output of the integrator 
superimposed upon the output of an additional eaynchro attached to the drive 
shaft. Thies synchro has @ stator voltage at a frequency of 1000 cps. 

The output of the rotor of the additional synchro ie the 1000 cps eignal 
modulated by the position of the shaft. The modulation envelope is, 
therefore, identical with the input to the coding setup. Bote how the 
output follows the input as closely as the eampling will allow. 
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